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A two and one-half year testing program with the National Aeronautics and 
Space Administration's ATS-1 and ATS-3 spacecraft has shown that geostationary 
satellites can provide superior communications and position surveillance for 
mobile craft. The tests proved that inexpensive modifications to conventional 
mobile communications equipment aboard the craft can provide reliable, high 
quality voice and digital communications with distant ground stations and other 
vehicles, and automatic surveillance of the positions of all the craft by a 
ground facility. The tests also demonstrated the location and automatic read- 
out of remote data collection platforms. 


Frequency modulation signals with the narrow audio and radio frequency 
bandwidths of terrestrial mobile radio communications were relayed through the 
VHF transponders of the geostationary satellites. The voice and digital com- 
munications were far superior in reliability and quality to long-distance mo- 
bile communications by other means such as medium or high frequency radio. It 
was shown that one satellite can provide nearly uniform high quality performance 
over approximately one-third of the earth' s surface. 

Position fixes by range measurement from the two satellites were accurate 
to approximately one nautical mile, one sigma except near the equator and the 
poles. The ranging signals were narrow bandwidth FM like the voice and digi- 
tal signals and were highly compatible with the communications. A single in- 
terrogation yielded range measurements from two satellites so that a position 
fix could be determined in about one second of time. The technique can be modi- 
fied to locate several craft within a second. 

Satellite communications with mobile craft and data collection platforms 
and independent surveillance of their positions is practical at VHF (118-174 
MHz). There is no question that a useful system could be implemented with 
technology that is immediately available and that user equipment would be in- 
expensive, reliable and convenient. 

Figure S-l compares position fix accuracies achieved with two aircraft 
during a 5.5 hour flight test under the worst conditions of the experiment, a 
ship over a two month period under nominal conditions of the experiment, and 
the specification for an aircraft inertial navigation system after 5 hours of 
flight time. Reasons for the satellite position fix errors were identified 
and measured, and practical means to reduce the errors were defined and tested 
in part. 

Transmission link reliability was not adequate for operational use under 
all conditions of the test. Factors affecting its reliability were identified 
and measured. Link performance could be improved to operational acceptability 
with modest engineering changes to the satellite and user equipment designs 
such as the use of circular polarization of satellite signals and more suitable 
antennas on the mobile craft. 

The performance of VHF satellite transmission links is degraded due to 
ionospheric propagation effects at some times and places, especially in tropi- 
cal and high latitude regions. The system can be designed to minimize the 
propagation effects and provide operationally acceptable performance under 
almost all conditions. 
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DC-6 FIX ERRORS - 5.5 HOUR FLIGHT - 12/1/70 FIX ACCURACY - COAST GUARD CUTTER RUSH AT 

"WORST CASE" CONDITIONS" — (One other fix in SAN FRANCISCO - 5/13/70, 7/10/70, 7/21/70 

error by 11 miles'- see Figure 29 in the 
Aircraft Tests Section) 
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The use of VHF for satellite applications is restricted because there is 
not an adequate number of radio frequency channels to fulfill the anticipated 
requirements. Data collected during the experiment can be used to estimate 
the performance that would be achieved with other system parameters and rang- 
ing at higher frequencies, such as L-bahd, where channels can be assigned more 
easily and where ionospheric propagation disturbances are less than at VHF. 


Experiment Procedure 

General Electric's Radio-Optical Observatory near Schenectady, New York 
was the base for the experimental program. Ranging interrogations originated 
there, ranging time intervals were measured, data recorded, and a computer 
terminal was used in processing data and computing fixes. 

Seven vehicles were used in the tests: a Coast Guard Cutter in the Gulf 

of Mexico and one in the Pacific Ocean; three aircraft, a DC-6B and a C-135 
of the Federal Aviation Administration, and a 747 aircraft of Pan American 
Airways; a buoy moored in deep water off Bermuda; and a panel truck in up- 
state New York. In addition, there were fixed ground reference transponders 
at Shannon, Ireland; Reykjavik, Iceland; Gander, Newfoundland; Seattle, 
Washington; and Buenos Aires, Argentina. Each vehicle was equipped with a 
conventional mobile communications transmitter, receiver, and antenna, and 
had a 6 x 8 x 10 inch, 6 pound experimental tone-code responder unit attached 
between the receiver and transmitter. The combined receiver, transmitter and 
responder is termed a transponder. 

Each of the ground reference transponders consisted of a mobile radio base 
station unit, like those used by a taxi cab dispatcher, with a physically small 
300 Watt power amplifier and an eight-turn helical antenna. A tone-code re- 
sponder was connected between the transmitter and receiver of the base station 
unit. The units are inexpensive, easily installed by a technician, and are 
fully automatic. They can be turned on by interrogation through the satellite 
and respond automatically with no person present. 

Ground stations as well as the mobile units in the ships and aircraft were 
useful for voice communications as well as ranging for position fixing. The 
unit in the buoy responded with an automatic digital read-out of its on-board 
sensors each time it was interrogated for a ranging measurement. 

When a vehicle was to be located, a ground station near Schenectady, New 
York transmitted a 0.43 second tone-code signal to one of the satellites, the 
"interrogating satellite", usually ATS-3. The signal consisted of a 2.4414 
kHz tone burst followed by the individual user address formed by suppressing 
an audio cycle for a digital "zero" and transmitting an audio cycle for a digi- 
tal "one". The tone-code signal was frequency modulated on a 149.22 MHz car- 
rier with a narrow deviation so that the RF bandwidth was within the 15 kHz 
bandwidth of the mobile receivers. 

The satellite repeated the signal on 135.6 MHz. All of the activated 
vehicle equipments received the signal, and each matched the phase of a locally 
generated audio tone to the received tone phase. The one vehicle that was ad- 
dressed responded with a short burst of its properly phased locally generated 
tone followed by its address code, introducing a very precisely known time de- 
lay between reception and retransmission of the code. The vehicle response on 
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149.22 MHz was through a broad beamwidth antenna. If both satellites were in 
range of the vehicle, they both repeated it on 135.6 MHz. 

The ground station received the returns from the two satellites separately 
with narrow beamwidth antennas. It measured the time interval from its initial 
transmission of the signal to the first return from the interrogating satellite 
and to the two returns from the satellites as they were relayed back from the 
user. (Figure S-2) From these measurements, the ranges from the two known 
positions of the satellites to the vehicle were determined. These ranges, to- 
gether with vehicle altitude and corrections for ionospheric delay, were used 
to compute the vehicle location. When only one satellite was in range of the 
vehicle, a line of position was computed and a fix defined as the crossing of 
the line with latitude or longitude of the vehicle determined by other means. 

The time required for the interrogation and response was approximately one 
second except when a data transmission followed the user's tone-code ranging 
response. The usual interrogation rate was once every three seconds. A modi- 
fication to the tone-code signal design is expected to reduce the duration of 
the signal to 30 milliseconds. In an operational system it would be possible 
to order the interrogations so that several position fixes could be made within 
one second. 

The 2441 Hz tone frequency and the 15 kHz RF bandwidth were selected to 
keep within the audio and RF bandwidth limits of conventional mobile communi- 
cations equipment and channel assignments. Ranging precision achieved within 
these limits is illustrated in Figure S-3 and Figure S-4. Each dot is an inde- 
pendent range measurement resulting from a single interrogation. Figure S-3 
presents range measurements from the Schenectady ground station to ATS-3 and 
return, and S-4 from Schenectady through the satellite to a ground transponder 
and return. The largest individual displacement of readings is 1.1 micros 
seconds or approximately 550 feet. The average of a number of readings would 
yield a precision of approximately 4=0.1 microsecond, or approximately ±50 feet. 

Ranging from Schenectady to ATS-1, less than 2 degrees above the western 
horizon during sunrise in the ionosphere, yielded standard deviations of 0.3 
microsecond on 10/31/70 and 0.43 microsecond on 11/2/70. Each test was of one- 
half hour duration, making an independent range measurement every three seconds. 


The tone-code ranging technique has the following characteristics: 

• Useful accuracy can be achieved within the mo.dulation and radio frequency 
bandwidths of present-day mobile communications. 

• The technique can be used with wide bandwidth for high accuracy. 

• It requires only one channel for range measurements, receiving and transmit- 
ting in the simplex mode if desired without need for an antenna diplexer. 

• The time required for the range measurements is a fraction of a second so 
that the ranging function can time-share a communication channel with little 
additional time usage of the channel. 

• It can be implemented by the addition of an inexpensive, solid-state responder 
unit attached to a communication receiver-transmitter. 

• It can, but need not, employ digital or digitized voice transmissions to pro- 
vide synchronizing of the user responder , thereby further increasing the ef- 
ficiency of channel usage. 
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FIGURE S-2 
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• There are no "lane" ambiguities in the range measurements. 

• User identification is simple and is confirmed in the return signal. 


Ship Tests 

A tone-code transponder, like the one shown in Figure S-5 was installed 
on the Coast Guard Cutter Rush at San Francisco on Hay 5, 1970. The transmit- 
ting antenna used on the Rush is shown in Figure S-6. The equipment time delay 
was calibrated after installation by ranging through the satellites while the 
ship was underway in the Gulf of Farallons near San Francisco on May 5. A re- 
fined measurement of the time for the signal to pass through the equipment is 
necessary after it is installed, since the equipment time delay must be sub- 
tracted from the total ranging time measurement in order to yield the propaga- 
tion time of the radio signal from the satellite to the vehicle and return. 

On May 10 the ship was at the dock, shown in the center of the right-hand 
one mile radius circle in Figure S-7. The ship was interrogated through ATS-3 
and its responses were received back through ATS-1 and ATS-3 to yield range 
measurements from the two satellites so that the position fixes could be com- 
puted. Three fixes determined on that date are shown just outside the one 
nautical mile radius circle on the upper left. The ship then proceeded to its 
weather station duty half-way between San Francisco and Hawaii where it remained 
for three weeks. Many position fixes were determined while the ship was enroute 
and at the weather station. It then continued on to Pearl Harbor, Hawaii, where 
it was in view of only one satellite, ATS-1. Range measurements from ATS-1 were 
used to determine the latitude of the ship while it was docked at Pearl Harbor. 
The latitude determinations bracketed the actual position of the ship within one 
nautical mile. The ship returned to San Francisco and was again tied up at the 
dock in the center of the right-hand circle. The position fixes shown near the 
lower edge of the circle were made by satellite ranging on July 10. All of the 
fixes can be enclosed in a 5000 foot radius circle. The ship was at the dock 
in the center of the left hand circle on July 21 and the small ovals are the 
position fixes determined on that day. Each set of position fixes is biased 
from the true position. A study of the satellite position predictions as stated 
by NASA show that the predicted positions for the satellites which are the 
references for the fix determinations can be in error by amounts that could 
cause position fix bias errors larger than those plotted in Figure S-7. 

No adjustment was made to the equipment while it was installed on the Rush. 
The only human attention given to it was to turn on the main power in anticipa- 
tion of the satellite experimental periods and to use the equipment for voice 
communications through the satellite with the network of ground transponders 
and with other ships in the Atlantic Ocean. The quality of the voice communi- 
cations was excellent. 


Aircraft Tests 


Two transponders yere used aboard aircraft of the Federal Aviation Admin- 
istration. One of the units was a transponder like the one used on the ships. 
The other consisted of an RTA-41B transceiver with a frequency modulation modem 
and a 500 Watt power amplifier. A General Electric tone-code responder was con- 
nected between the transmitter and receiver of the RTA-41B unit. 
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FIGURE S-5 


GROUND REFERENCE TRANSPONDER 
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FIGURE S-6 



CIRCULARLY POLARIZED TURNSTILE ANTENNA 
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POSITION FIXES, COAST GUARD CUTTER RUSH IN SAN FRANCISCO BAY 
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Antennas used aboard the aircraft included a conventional VHF blade modi- 
fied to transmit 500 Watts at the up link frequency of 149.22 MHz and a Dome 
and Margolin Satcom antenna. The Satcom antenna is circularly polarized in two 
modes. The horizon mode is omnidirectional in azimuth and it has a vertical 
coverage from 10 degrees to 40 degrees elevation. The zenith mode is also 
circularly polarized and covers a solid angle from approximately 40 degrees 
elevation upward. Both modes have a maximum gain of approximately 3 dB. 

Figure S-8 compares the two-satellite position fixes shown as crosses with 
precision radar fixes shown as dots as the DC-6 aircraft left the National 
Aviation Facilities Experimental Center at Atlantic City. The solid lines are 
one nautical mile on each side of the precision radar track. 

When the aircraft arrived at Shannon, Ireland, it was parked on a bench- 
mark. It was in view of only the ATS-3 satellite, being too far east for ATS-1. 
Range measurements from ATS-3 were used to compute the latitude at which the 
satellite line of position crossed the known longitude of the benchmark. The 
average of 14 range measurements was 800 feet north of the benchmark. The 
largest single errors were 7500 feet north and 6000 feet south of the benchmark. 
Three range measurements to the ground reference transponders at Shannon were 
used to derive the ionospheric propagation delay and provide a first order cor- 
rection for satellite position error, thus testing the concept of using ground 
reference transponders for real time corrections of the range measurements. 

Long term stability of the equipment was verified in this test because the 
equipment time delay calibration for the aircraft was made 9 days different in 
time when the aircraft was at Atlantic City. 

The Federal Aviation Administration provided many hours of flight time for 
the satellite ranging and communication experiments, with the DC-6 four engine 
propeller driven aircraft and the C-135 jet aircraft. 

One 5.5 hour flight test with both aircraft was made within range of the 
precision EAIR radar at Atlantic City, Tests were made over water east of the 
New Jersey Coast and over land northwest of Philadelphia. The aircraft were 
flown at two altitudes, approximately 20,000 feet and 5,000 feet, and at various 
headings. 

Each satellite fix was plotted relative to the radar fix of the aircraft 
made at the same second of time. Figure S-9 is a plot of the satellite fixes 
relative to the radar fixes for the DC-6, the radar fix references being the 
center of the circle. The divisions are one minute in latitude and longitude. 
The radius of the circle is 10 nmi. , representing the Boeing accuracy specifi- 
cation after 5 hours of flight for the Inertial Navigation Systems used aboard 
the 747 aircraft. The specification states that the Inertial Navigation System 
shall accumulate no more than 2 nmi. error per flight hour on 95 percent of 
flights up to 10 hours duration. (Edwin L. Hughes, "Inertial Navigation for 
747 Super jet" , Electronics World, 9/70, p. 27.) 

One satellite fix with the DC-6 aircraft was in error by 11 miles. It is 
the worst single fix noted in the entire ranging and position fixing experiment, 
except for a small number of fixes that were displaced by multiples of 75 miles 
along a hyperbolic line of position in the aircraft experiments. The large fix 
errors were caused when the aircraft responder-correlator output occurred a 
multiple of a bit period early. The bit or tone-code cycle period is 409 
microseconds. Errors of that type were rare in the experiment and their occur- 
rence can be reduced to an insigificant probability by improvements in the 
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FIGURE S-9 


ACCURACY OF AIRCRAFT FIXES 
5.5 HOUR FLIGHT 
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correlator and code designs. The pattern of position fix errors for the C-135 
were similar to the DC-6. There was a larger scatter caused by receiver time 
delay change with signal amplitude, but no C-135 fixes were outside of the 10 
nmi. radius circle, except for a few that were multiples of 75 miles in error. 

A study of the aircraft fix errors as a function of time during the 5.5 
hour flight reveals the changing bias error due to the diurnally changing 
satellite prediction errors. The plot of Figure S-9 includes the bias errors 
due to satellite position fixes. There were no corrections for any of the 
known causes of error in the plot. It represents a comparison of the worst 
conditions for the two satellite ranging at VHF with the specified performance 
for an aircraft inertial navigation system after 5 hours of flight time. 

Nominal accuracy, as exemplified by the ship tests, equaled the accuracy 
specified for the Inertial Navigation System after one hour of flight time. 
Precision of the satellite fixes is poorer than the Inertial Navigation System, 
but long-term accuracy is better because the satellite surveillance does not 
accumulate significant error during a flight or a ship voyage. If Inertial 
Navigation System accuracy is adequate for maintaining separations of aircraft 
on transoceanic flights, it is evident that the more accurate tone-code ranging 
technique with satellites is also adequate. 


Propagation Measurements 

The widespread network of ground reference transponders was used in tests 
to measure the propagation and other factors that affect the accuracy of a 
satellite position fixing system operating at VHF. The experimentally derived 
information about propagation and other contributing factors can be used to 
predict the performance of satellite ranging systems at higher radio frequencies 
and with different system parameters. 

The propagation velocity of radio waves is reduced as they pass through the 
ionosphere. The reduction in velocity is proportional to the integrated elec- 
tron content along the ray path and to 1/frequency^. The reduced propagation 
velocity increases propagation time and therefore causes an apparent increase 
in range measurements. There are two ways to correct for the propagation delay. 
One way is to estimate the delay by the use of a model of the ionosphere based 
on the large quantity of data that has been collected over the past several 
decades. The other way is to measure the propagation delay at a known location 
and use the measurement to correct range measurements made to other transponders 
in the geographical region surrounding the known location. 

Both ways of correcting for propagation delay were used in the experiments. 
A simple model provided corrections adequate for position fix accuracy better 
than 1 nmi., 1 sigma. The other method, using reference transponders at known 
locations, was also effective and provided the additional benefit of a first 
order correction for error in satellite position prediction. 

A model is useful if there are predictable cyclic changes in the ionosphere 
The diurnal cycle is the dominant one. The day-to-day correlation of ionospheri 
delay is thus important in estimating the value of a model. 

The usefulness of reference transponder measurements depends upon the cor- 
relation of ionospheric delay at one location with the delay at another. The 
geographical extent of the correlation is important in evaluating the practical 
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value of the reference transponders because it determines the number and de- 
ployment of the transponders needed to achieve a specified accuracy for the 
system. 

Much of the effort in the experimental program was directed to measuring 
the time and geographical correlations of ionosphere delay and evaluating the 
two methods of correcting the range measures. Figure S-10 shows the correla- 
tions for Schenectady and Gander, Newfoundland on January 19, 1971. The iono- 
spheres seem to be well correlated at the two locations which were a thousand 
miles apart. The correlation between Shannon, Ireland and Reykjavik, Iceland 
was also found to be close enough to provide range corrections within approxi- 
mately 1500 feet at locations a thousand miles apart on days without unusual 
ionospheric disturbances. 

A few times a year during the peak of the 11 year sunspot cycle solar 
flares cause ionospheric disturbances that can increase the propagation delay 
by as much as 50 percent over the average of undisturbed days. These solar 
disturbances are rare during sunspot minima. There was no opportunity to ob- 
serve the propagation characteristics resulting from a solar flare. 

A solar flare did occur on October 28, 1970 but no ionospheric disturbance 
resulted from it. During four days after the flare the diurnal variation in 
the ionosphere was observed for Shannon, Ireland; Gander, Newfoundland; 
Schenectady, New York; and Seattle, Washington. The day-to-day correlation for 
Schenectady is plotted in Figure S-ll. The four days were found to be correlated 
within approximately 1 microsecond or 491 feet in two-way ranging. A position 
fix is degraded by more than the ranging error because of the way the slant 
range measurement error projects onto the surface of the earth. 

The ionosphere sometimes causes a scintillation of the amplitude of the 
signal received from the satellite. Scintillation is caused by horizontal 
variations in electron content. As the irregularities in the ionosphere move, 
the signal level received by an antenna from the satellite changes in signal 
strength. The signal level can increase above the average value by several 
dB and may fade below the average level by many dB. The signal fades are 
usually short. The deep fades are typically less than a second in duration 
and the fading periods are usually a few seconds to a few tens of seconds. 

Scintillation fading is reported to occur frequently in tropical regions 
and high latitudes. It occurs less frequently at middle latitudes. A few in- 
stances of severe scintillation fading were observed at Schenectady during the 
experiments. The onset of the fading was usually quite sudden and the duration 
of the fading period would be several minutes to several hours. 

The most severe case was observed on October 15, 1970, during a voice com- 
munication test with a Pan American 747 aircraft enroute from New York to Paris. 
Ground terminals participating in the experiment were at Annapolis, Maryland; 
Miami, Florida; Los Angeles, California; Seattle, Washington; Schenectady, New 
York. Fades as large as 30 dB were observed on the signals received with the 
30 foot diameter antenna at Schenectady. Although the other participating sta- 
tions reported changing signal levels, the geographical extent of the fading ob- 
served at Schenectady is not known. Excellent voice communication tests were 
maintained throughout the period and there was no noticeable degradation in the 
quality of the voice communications. It is important to note that speech is 
highly redundant and that short drop-outs do not have a significant effect on 
intelligibility. The effect on other forms of communications such as digital 
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CORRELATION OF DIFFERENCES BETWEEN COMPUTED AND MEASURED SLANT RANGES 
Gander. Newfoundland and Schenectady, New York 
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FIGURE S-ll 


DAY-TO-DAY CORRELATION - SCHENECTADY 
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which is less redundant would have to be considered in evaluating VHF communi- 
cation performance when scintillation is present. 


Buoy Tests 

The first tone-code ranging transponder was installed in the Sea Robin 
buoy. Sea Robin is a spar buoy approximately 4 feet in diameter and 15 feet 
long with stabilizing means designed for mooring in the deep ocean or for free 
floating in all sea states. During the period March through May 1969 the buoy 
was tested ashore, in a harbor and at a deep sea mooring near Bermuda at 32°10 , N 
and 64° 55 , 30 ,I W in a joint Navy-General Electric experiment. (Navy support was 
through the Office of Naval Research under contract N00014-68-C0467 . ) The buoy 
was moored where the ocean depth was approximately 4,000 feet using a 7,000 
foot line. 

The tone-code transponder aboard the Sea Robin consisted of a 35 Watt 
solid state FM mobile radio transmitter-receiver with a 120 Watt solid state 
amplifier and two selectable linearly polarized dipole antennas. 

Data transmission from the buoy through the satellite was accomplished by 
the use of the transmitter-receiver-responder unit used for the VHF ranging. 

A data transmission followed each range interrogation. Two data rates were 
tested - 2441 bits per second and 305 bits per second. 

The tone-code ranging technique was found to have two important advantages 
for the location and read-out of remote sensor platforms: transmission of the 

buoy response required a small amount of energy and was of short time duration. 
The radio frequency energy transmitted from the buoy was approximately 50 Watt- 
seconds for the ranging signal, 120 Watts for 0.3 second; and 150 Watt-seconds 
for the data transmission, 120 Watts for 1.25 seconds. The energy required for 
the transmission from a remote platform should be kept as small as possible to 
increase the duration of its unattended period of operation and thus reduce the 
cost of replenishing its energy supply. 

The short duration of the interrogation and read-out sequence was important 
because the rolling of the buoy causes a fading of the signal at the satellite. 
There is an interference between the signal that is propagated directly toward 
the satellite and the signal that is reflected from the surface of the sea. 

The vertical pattern of transmissions from a buoy has a pattern of lobes and 
nulls. The number of the lobes is a function of the height of the antenna in 
wavelengths above the sea surface. The direction of the nulls depends upon 
the roll angle of the buoy and the tilt of the sea surface near the buoy. 

As the buoy rolls, the signals transmitted between the buoy and the satellite 
go through a fading pattern at the roll rate. Under some conditions the signal 
can be completely cancelled out for a short period during each roll cycle. 
Tone-code ranging had the advantage that the duration of the interrogation, 
ranging and data read-out sequence was short compared to the buoy roll cycle 
so that a complete interrogation and response sequence could be completed be- 
tween fades. Other techniques that require a lock-up around the complete 
transmission path from the ground station through the satellite to the buoy 
and return, or that utilize such low transmission power that the duration of 
the transmission must be long compared to a roll cycle, present difficulties 
that must be overcome by expensive and complicated methods such as the use of 
a narrow beamwidth antenna on a stabilized platform or the use of burst error 
correction codes in the digital transmissions. 
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Sea Robin was at its deep sea mooring between April 14 and 25, 1969. It 
was interrogated from Schenectady each three seconds during three minute in- 
terrogation periods spaced throughout each day. While at its mooring the buoy 
was interrogated a total of 2525 times. It responded to 1711 of the interro- 
gations and a total of 759 latitude determinations were made. Some failures to 
respond were caused by buoy roll; others were due to causes purposely included 
in the experiment such as antenna polarization switching to observe Faraday 
rotation of the linearly polarized signals. 

The averages of the median values for each day are plotted as the tri- 
angles in Figure S-12. The wind direction and velocity as furnished by the 
Navy for the area are shown by the vectors near the top of the figure. It is 
expected that the buoy, which has a small cross section to the wind and much 
drag at the mooring line, responded slowly to changes in wind. The dashed 
line suggests the actual position to correlate with the wind directions. If 
it is assumed that the dashed curve of Figure S-12 represents the true lati- 
tude of the buoy, the latitude determinations replotted with respect to the 
bqoy position provide an estimate of the accuracy that was actually achieved 
as shown in Figure S-13. 


Conclusions 


The experiments have shown that geostationary satellites can provide high 
quality, reliable, undelayed communications between distant points on the earth 
and that they can also be used for surveillance. A combination of undelayed 
communications and independent surveillance from shore provides the elements 
necessary for the implementation of effective traffic control for ships and 
aircraft over oceanic regions. Eventually, the same techniques may be applied 
to continental air traffic control. 

The tests have demonstrated that remote, unmanned platforms can be inter- 
rogated, located and their data read out efficiently by satellites. The energy 
required for the location and data read-out functions is so low that the energy 
supplied aboard the remote platforms does not have to be replenished at fre- 
quent intervals. These tests have provided sufficient information so that it 
is now possible to proceed confidently with the design of operational systems 
for air traffic control, marine traffic control, management control of auto- 
mated shipping and the synoptic location and read-out of a widespread network 
of remote meteorological and oceanographic sensor platforms. 
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SECTION 1 


INTRODUCTION 


A growing; population and a growing economy in the United States and through- 
out the world are causing greatly increased travel and shipping for commercial, 
pleasure and military- purposes.. Technological developments are increasing the 
already wide range of speed,, size and maneuverability of the ships and airplanes 
that must share the surface and air space. It is evident that there would be 
great value, in a single world-wide full-time system that combines the functions 
of accurate frequent position fixing with the current positions simultaneously 
available ashore, andt a capability for communication of essential information 
between traffic advisory and control centers and the craft that are enroute. 

The- Applications Technology Satellites, ATS-1 and ATS-3, of the National 
Aeronautics and Space Administration were used in a series of tests to deter- 
mine the usefulness of VHF for locating mobile vehicles by range measurements 
from, satellites. The specific objectives of the experimental program conducted 
by the General Electric Company for NASA under contract NAS5-11634 were as 
follows : 

1. Demonstrate the feasibility of ranging and position fixing from synchronous 
satellites to small mobile terminals at VHF radio frequencies. It was ex- 
pected that the experiment would demonstrate position fixing accuracies 
adequate for transoceanic air traffic control. 

2. Demonstrate the advantages of a tone-code (pulse train) ranging technique 
that offers promise of the highly efficient use of satellite energy in sim- 
ple imp lementation that is compatible with presently used communication 
equipment. In operation, the system would be easily retrofitted in existing 
aircraft. 

3. Obtain data over a large geographical region at various times of the day to 
indicate the variations in ranging and position fixing accuracies caused by 
location and time of day. 

4. Demonstrate the General Electric Company' s Low Energy Speech Transmission 
(L.E.S.T.) technique. In an operational system, this technique would be 
compatible with tone-code ranging in such a way that the pulsed voice trans- 
missions could be used in the range measuring process. 

NASA's Applications Technology Satellites have shown the feasibility of 
voice communications between aircraft and ground terminals. Airlines that fly 
transoceanic routes desire to replace their inadequate HF voice communication 
links with the far more reliable satellite links. It is generally agreed that 
a satellite system should also provide surveillance of aircraft positions for 
air traffic control over the oceans, so that lateral spacings between the trans- 
oceanic routes can be reduced and economy of operations improved. An early im- 
plementation of an aeronautical satellite system is technically feasible at VHF. 
When suitable aircraft antennas and other avionics equipment have been developed 
the L-band frequencies, 1540 to 1660 MHz, will offer the possibility for im- 
proved performance and a sufficient number of communication channels to accommo- 
date many users. 
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It is widely recognized that the maritime services would benefit from im- 
provements in communications, radio navigation and radio location that could 
be provided by the use of satellites. Traffic control of ships in confluence 
areas could reduce the number of ship collisions and improved position fixing 
could reduce the number of groundings. Weather routing of ships could result 
in substantial savings. Satellite links can contribute to improved efficiency 
and productivity of marine operations and aid in shijJs automation. 

Satellites may be useful for data readout and location of remote unmanned 
sensors such as oceanographic buoys. Buoy location and readout were tested in 
parallel with the NASA contract under Navy contract N00014-68-C0467 . Results 
of the buoy experiment are included in this report. 

One purpose of this report is to present information that will aid in the 
determination of the feasibility of using satellites in radio navigation and 
radio location systems and provide the basis for estimating performance and 
cost of such systems. 

Another purpose is to provide experimental results pertaining to all prin- 
cipal factors affecting the use of satellites for position fixing, expecially 
as they influence performance at VHF . The data collected from the experiments 
can be used to estimate the performance that would be achieved with other sys- 
tem parameters and ranging techniques at higher radio frequencies. 

The magnitude of the experimental program and the widespread interest in 
it is evident in the list of active participants. In addition to NASA and 
the General Electric Company, they included the Office of Naval Research, the 
U.S. Coast Guard, the Federal Aviation Administration, Pan American Airways, 
the Boeing Company, Aeronautical Radio Inc., Comsat Corporation, the Irish * 
Department of Posts and Telegraphs, the Canadian Department of Transportation, 
the Civil Aviation Administration of Iceland, the Argentine Air Force, and Air 
Force Cambridge Research Laboratories. 

It is hoped that the information this report contains will be useful to 
the numerous organizations that are studying the application of satellites to 
navigation and traffic control. 
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SECTION 2 


CONCLUSIONS AND RECOMMENDATIONS 


Conclusions 

• Narrow bandwidth (2.4 kHz tone, 15 kHz RF) ranging signals yielded a ranging 

precision better than + 500 feet, 1 sigma, from a ground station through a geo- 
stationarv satellite to a user craft. 

The standard deviations of ranging measurements from the ground station to the 
satellite were approximately 0.3 microsecond (150 feet) under good conditions, 
and approximately 0.7 microsecond (350 feet) under worst conditions. Standard 
deviations on the measurements from the ground station through the satellite 
to a distant transponder and return were approximately 0.5 microsecond (250 
feet) under good signal conditons, and 1.4 microseconds (700 feet) under worst 
signal conditions (Section 4), but not including the effects of sea reflection 
multipath for aircraft in flight (Section 6). 

• A simple model of the ionosphere was adequate to correct position fixes to 

within approximately one nautical mile, one sigma . (Appendix — II) • 

The "Posfix" computer program contained estimates of ionospheric delay as a 
function of time of day and elevation angle to the satellite. Range measure- 
ments were entered into the computer; an initial fix was computed. The initial 
fix was not printed out, but used to determine the time of day and elevation 
angles for entry into the sub-routine to compute range corrections. The cor- 
rected range measurements were used in a second computation of the fix, which 
was then printed out. All of the fixes determined in the experiment used this 
technique. A more refined technique would use real-time ionosphere range mea- 
surements based on range measurements to fixed reference transponders. 


• Range measurements to fixed ground transponders were useful for correcting 
range measurements to other transponders 1000 nautical miles distant to within 
approximately 1500 feet. 1 sigma, at the worst times of "normal" days. . — 

Differences between measured and computed slant ranges were determined for 
fixed transponders at Shannon, Reykjavik, Thule, Gander, Buenos Aires, Schenec- 
tady and Seattle. (Section 11). Comparisons of differences, with allowance for 
difference in sun time, yielded correlations between ionospheric delays at 
separated locations. Comparisons were made for nearly continuous ranging over 
twenty-four hour periods, and at intervals during four days following a solar 
flare, as well as for various times throughout more than a year. The measure- 
ments were compared with independent measurements of electron density made by 
Air Force Cambridge Research Laboratories. All of the measurements would per- 
mit ionospheric delay corrections between stations separated by 1000 miles or 
more to within 1500 feet, but we did not obtain measurements during sunset on a 
day of a solar disturbance when there would be an abnormally high electron 
content in the ionosphere. The standard deviation of range measurements did 
not increase more than approximately 200 feet when severe amplitude scintil- 
lation was present. 
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Amplitude scintillation is caused by moving horizontal gradients in electron 
density within the ionosphere that focus energy onto or away from a point on 
or near the earth's surface. There is only a small change, of the order of 2 
percent, along the ray path, and hence a small change in propagation delay. 

The standard deviation of range measurements made during severe amplitude 
scintillation was found to increase from the non-scintillating value of approx- 
imately 0.5 microsecond to not more than 0.9 microsecond. Most of the increase 
in standard deviation may have been due to changes in receiver time delay as 
the signal level changed rather than by the ionosphere. There was no observa- 
ble change in range measurements associated with the scintillation. (Section ll) 


• The largest single source of bias errors in position fixes and lines of posi- 
tion was error in predictions of satellite position. 

This is an error that could be reduced by more frequent tracking of the satel- 
lite, and perhaps by using longer baselines for the range and range rate mea- 
surements than are the usual practices in tracking ATS-1 and ATS-3. 

NASA provided satellite position predictions at half hourly intervals with a 
resolution of 0.001 degree in latitude and longitude and 0.01 nautical mile in 
earth center-to-satellite distance. The round-off in latitude and longitude 
limit the resolution of position fixes to 360 feet, and the altitude round-off 
will add an uncertainty of the same magnitude. (Section 5 ). 

The satellites are not in perfect geostationary orbits, and therefore move 
north and south of the equatorial plane, tracing a figure " 8 " pattern and also 
changing altitude, with a twenty-four hour period. (Section 5 ) 

Most fix computations were made with a linear interpolation between the half 
hourly position predictions. The computer program was later modified to make a 
cubic interpolation, and thus keep the interpolated values to within the 0.001 
degree and 0.01 nautical mile altitude limits. 

NASA tracked the satellites at intervals of a few weeks and computed the posi- 
tions for the times in between. A comparison of a predicted position from the 
previous tracking epoch with the computed position for the same time based on a 
new tracking epoch showed the predictions could be in error more than 0.02 de- 
gree and 0.3 nautical mile in altitude. These can combine to cause position fix 
errors as large as 3 nmi. (Section 5). A diu'rnally changing position fix er- 
ror can result if an erroneous satellite prediction is used in the calibration 
of the time delay through a transponder. (Section 5 ). 


• A timing error on the received signal at the user transponder causes the posi- 
tion fix to be displaced along a hyperbolic line of position. 

A sharp scintillation fade, a signal drop due to spin modulation, or multipath 
reflection, or noise on the signal received by the user transponder can cause a 
phase error so that the user's response is displaced in time from its correct 
value. The returns of the signals relayed by the satellite are displaced equal- 
ly so that the same error occurs on both range measurements from satellite to 
user. While the absolute value is wrong, the difference in the two range mea- 
surements is not affected, and the position fix is displaced along a hyperbolic 
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line of position.. The largest error due to these causes was eleven m,f Tp-s 
(S ection 6) . The magnitude of errors due to these caus es can he changed 
by selection of different signalling parameters. 


• An infrequent fix error of integral multiples of approximately 75 miles re- 
sulted from improper operation of the address code correlator. 

Improper setting of the correlation threshold combined with noise or inter- 
ference could result in correlation during an incorrect bit interval of: frfrp 
code. The bit interval was 409 microseconds,, the period 1 of one tone cycle. 
Correlation on an early bit period resulted in an error of an integral multiple 
of 409 microseconds , displacing the fix along a hyperbolic line of position. 

For the eastern United States, the fix displacement was a multiple of approxi- 
mately 75 miles. Under good signal conditions and proper setting: of the cor- 
relators, the effect was virtually non-existent. Under worst conditions,, it 
sometimes occurred on approximately one -tenth to one percent of fr tip range 
measurements. Better selection of signal parameters and the use of a different 
modulation for the code, such as PSK instead of: suppression of an audio> cycle: 
would reduce the occurrence to a low value, perhaps one in 10“ ^ Q , r 


9 If three or more satellites were available, a simple, inexpensive: transmitter 
on a vehicle could be used for surveillance by the hyperbolic location techni- 
que^ 

A coded transmission originating on the craft can provide hyperbolic lines of 
position by measuring differences in times of arrival at the ground terminal. 
This was demonstrated in the experiment when poor signal levels, or correlation 
on an early bit period caused a time displacement of the vehicle response. An 
equal error was added to range measurements of both satellites, and fixes were 
displaced along hyperbolic lines of position. (Section 6). A third satel- 
lite would have determined two hyperbolic position lines and a fix. A simple 
tone-code generator attached to a transmitter on the vehicle would suffice far 
position location. 


* Range measurements for position fixing were made in approximately one second. 

Ranging interrogations were initiated at a ground station, relayed to all user 
craft through one satellite; the one user craft that was addressed automatical- 
ly transmitted a single response that was relayed back to the ground station by 
two satellites. Propagation time intervals were measured at the ground station, 
and fixes were computed. The process was accomplished more than one hundred 
thousand times. (Section 3). 

During the experiment, the interrogation and response signals and the built-in 
user equipment delays were approximately 0.43 second, making a total measure- 
ment time of approximately 1.3 seconds to complete the measurements. The 
signals can be redesigned to complete the process in less than one second. 


• Transmission link reliability for mobile craft was not adequate for opera- 
tional use under most conditions of the experiment. 
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Poor signal levels, especially on the down link from the satellite to mobile 
craft, resulted from low vehicle antenna gain combined with irregular patterns, 
Faraday rotation of the satellite's linearly polarized signals, multipath, and 
spin modulation of ATS-3. Ionospheric scintillation caused fading of the sig- 
nals an estimated 5 percent of the time at Schenectady. Interference from 
routine air traffic control transmissions on channels adjacent to the satellite 
down link frequency were sometimes experienced during aircraft flight tests in 
the New York-New Jersey-Pennsylvania area. 


• Transmission link reliability with the ground reference transponders was 
adequate for operational use under all conditions of the test. 

The eight-turn helical antennas, with a net gain of 9 dB, combined with 100 to 
300 Watts of transmitter power of the transponders provided excellent voice com- 
munications and ranging at all times when they were properly adjusted and used. 


• Operationally acceptable transmission link reliability could be achieved with 
the effective radiated power of the ATS VHF transponders, but with circular 
polarization of the satellite antennas and 0 dB, circularly polarized vehicle 
antennas. 

The estimate is based on an interpolation of the performance achieved with the 
mobile craft and the ground reference transponders. It is also based on our 
evaluation of the performance of the VHF transceiver and crossed slot antenna 
on the Boeing 747 aircraft. The term "operationally acceptable" describes 
reliability and signal quality that is far superior to long range HF or MF com- 
munications for aircraft and ships over coverage areas far exceeding those a 
available from extended range VHF for aircraft. The tests did not yield suf- 
ficient data to determine that the reliability would meet the specifications 
for aircraft satellite communications stated by international committees that 
have studied the requirements. 


• Tone-code ranging at VHF with voice bandwidth signals could be used for sur- 
veillance of aircraft in oceanic areas to maintain separation standards. 

Under the worst conditions of the test, the accuracy of aircraft position fixes 
off the east coast of the United States was better than the accuracy specified 
for the inertial navigation system of the 747 aircraft after five hours of 
flight time. (Section 6) Nominal accuracy of the system, as exemplified by 
the ship tests (Section 7) equalled the accuracy specified for the inertial 
navigation system after one hour of flight. Precision of the satellite fixes 
is poorer than for the inertial navigation system, but long-term accuracy is 
better because satellite surveillance does not accumulate significant error 
during an aircraft flight or a ship voyage. If the inertial navigation system 
is adequate for maintaining separations of aircraft on transoceanic flights, it 
is evident that the more accurate tone-code ranging technique with satellites 
is also adequate. 


• A VHF tone-code ranging transponder for satellite communication, position 
surveillance, and navigation could be installed on a ship for less than $10,000. 


2-4 



The cost estimate is based on the cost of providing and installing the proto- 
type transponders on the Coast Guard Cutters Valiant and Rush. The unit would 
be used for long range voice and data communication, and by changing to another 
channel could also be used for direct harbor and bridge- to-bridge communication. 
Navigation could be provided by transmitting fix computations from the ground 
station through the satellite to the ship. 


Recommendat ions 


Many of the recommendations that follow refer to tone-code ranging. The 
reference is to the broad technique of tone-code ranging and is not restricted 
to the RF frequency bandwidth parameters or modulation technique used in the 
experimental program. The tone-code ranging technique can be applied at any 
radio carrier frequency, with any radio frequency and modulation bandwidths 
and with any type of modulation that is capable of transmitting a signal that 
has at least one frequency component that has a coherent phase. Tone-code 
ranging as used in these recommendations refers to the technique of transmitting 
a repetitive signal such as a sine wave tone or a digital transmission clocked 
at a fixed rate, in which case the tone may be the highest frequency component of 
a square wave, and the repetitive signal followed by an identifying code which 
is transmitted coherently and at the same bit rate as the repetitive signal. 

At the receiver a locally generated signal at the same repetition rate as the 
transmitted signal is generated and shifted in phase to match the phase of the 
received repetitive signal. A correlator adjusted to recognize the individual 
identification code identifies the source of the received signal and produces a 
single output timing pulse that is an unambiguous measure of the time of the 
reception of the tone-code signal. 

The broadcast transmission of a tone-code signal to a field of user craft 
results in the response from the one user craft that is addressed and the mea- 
sure of the time from the initial transmission to the return provides a range 
measurement to the craft. 

In another application of the technique, a transmission from a user craft 
is received at two separated locations which have a common timing reference or 
which relay their signals back to a common point. The difference in arrival 
time at two known points is measured, and used to compute a hyperbolic line or 
surface of position for the craft. 

In a third application the transmission of tone-code signals is clocked 
from a universal time reference. User craft that have an on-board time refer- 
ence in accurately known relationship to the universal time reference can mea- 
sure the time of arrival of the signals and determine their own range from the 
transmitting source. Signals received from two sources at known locations are 
sufficient to determine a fix. Alternatively, reception of the signals trans- 
mitted from the universal time source and received at known locations can be 
used to set clocks at the known locations accurately with respect to the dis- 
tant universal time source. 

In a passive navigation system, tone-code signals may be transmitted in 
known time relationship from two or more known locations. The differences in 
arrival times of the signals aboard a craft can be used to determine hyperbolic 
lines of position. 
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• Consider tone-code ranging as a candidate for operational surveil lanc e and 
navigational systems that use satellites. 

Tone-code ranging, is well adapted to the surveillance of many targets in any 
desired order. It does not require the simultaneous reception and transmis- 
sion by the user craft and a simultaneous comparison at the ground station of 
tr ansmit ted! and received phases. The transmissions can he short compared! to; 
the propagation time through synchronous satellites and therefore it is feasi- 
ble to interrogate and get responses from several users within' the time it 
takes the signals to propagate from the; ground 1 station through the satellites 
to the users and return. Several position fixes can then be determined within 
a second. It is: also feasible for the user' s response t© be relayed hack to 
f by ground station through more’ than one satellite so that a 1 position fix can 
be determined fromi a single interrogation as was demonstrated 1 thousands; of 
times during the experimental program'. 

Tone-code’ ranging results in an unambiguous measurement of range with a single 
tone frequency. Selective calling; of: individual craft and identification of 
the responses is contained in- the tone-code signals. No dlplexer is required 
aboard the: user crafty thus eliminating; a possible: source of range measurement 
error and' reducing, cost of an installation. Tone-code ranging is compatible 
with many types of communications.. If the communication signals contain co- 
herent frequency components;,, they can be used! for setting, the phase of the 
tone-code responder. The ranging; technique then becomes very efficient because 
a ranging, signal then only requires; the transmission of a ranging identifica- 
tion code:.. The technique can be used' with or without coherent carrier detec- 
tion., Tone-code ranging; can be as; accurate as any technique at any radio 
frequency because it is not limited in the radio; frequency or modulation fre- 
quency bandwidth. It can. be used with narrow, bandwidth or wide bandwidth sys- 
tems: and at any radio; frequency. 

•> Proceed with tone-code ranging tests, at L-band, 

Tbvrfi: import is; the final report: of the first two phases of contract NAS5-11634. 
Work has: started to add an L-band capability to the Radio-Optical Observatory 
and. a tone-code' ranging transponder., Initial experiments will compare L-band 
and! VH®' transmissions; using NASA's. ATS--3 and ATS -5 satellites. The General 
Electric Gompany is developing a 300 Watt solid state L-band power amplifier 
that will be. used 1 for the first, time in these experiments. 


• lest: tracking of ships in a confluence area relative to a fixed transponder. 

Tests with the Coast: Guard Cutter Rush at San Francisco suggest that a ship can 
be tracked with a precision that may be useful in outer confluence areas and 
perhaps at closer approaches to harbors.,, even at VHF and with the narrow band- 
width of: voice; communications:. The tests, at San Francisco did not include a 
fixed reference transponder for real-time correction of the errors due to 
satellite position prediction an<I ionosphere. Further tests using equipment 
that is; now on. hand would! permit a. more complete evaluation of this technique. 
The tests; would be conducted by placing a fixed ground reference transponder 
near a harbor area and tracking, a ship by satellite and also by radar and 
visual sitings. Accuracy of single fixes, and the average of several sequential 
fixes taken by satellite would 1 be compared! with the non-satellite position 
defc erminat tons . 
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• Test tracking of land mobile vehicles. 


Several inquiries have revealed that there are applications for tracking land 
mobile vehicles by satellite. Tests with the van and with the ships have shown 
that it is feasible to track land mobile vehicles with modest additions to con- 
ventional mobile radio communications equipment. Requirements should be defined, 
suitable antennas selected, and tests conducted using conventional mobile radio 
transmitters and receivers with tone-code responders attached between them. 


• Test satellite surveillance of aircraft in comparison with Inertial Naviga- 
tion and other on-board systems on commercial flights. 

The objective of the tests is to verify the better long-term accuracy indicated 
for the satellite surveillance system, to test procedures for traffic control 
using satellite surveillance, and to test the use of the satellite position 
fixes for updating the on-board navigation equipment. 


• Test tone-code ranging signals integrated with several type? of communica- 
tion signals such as digital communications by frequency shift keying, phase 
shift keying, voice signals by delta modulation, pulse code modulation, and 
the transmission of signals by spread spectrum techniques. 


• Test tone-code ranging at rates of several interrogations per second. 

The tone-code ranging transponders used in the L-band experiments will employ 
transmissions which are approximately 30 milliseconds in duration instead of 
the 400 milliseconds used in the previous experiments. It is considered 
feasible to interrogate several transponders in rapid sequence and get their 
returns without overlap to demonstrate the potential for handling a very large 
number of user craft on one ranging channel. 


• Use the existing widespread network of VHF transponders for ionospheric 
propagation measurements. 

Ionospheric propagation measurements were made at infrequent intervals through- 
out the experiment. Sufficient data were collected for evaluating the influ- 
ence of the ionosphere on satellite range measurements at VHF, although data 
were not collected during times of severe ionospheric disturbance. The wide- 
spread network is a unique facility for synoptic measurements of ionospheric 
propagation. The data taken on the January 19-20, 1971 twenty-four hour test 
demonstrated the use of the network. The distant transponders are fully auto- 
matic and the data that are collected by their use are immediately available 
at the central location where it is to be collected and processed. The tone- 
code ranging technique and the network of transponders makes it possible to 
sample the ionosphere at any desired time and at any desired location where a 
transponder is in place. The permanent installation of a transponder in the 
far north, as at Thule, and of transponders in regions such as Buenos Aires, 
where an intriguing diurnal pattern of electron content variation was noted in 
the January tests, would be useful in collecting data at lower cost and greater 
convenience than is available by any other means. 
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SECTION 3 


EXPERIMENT DESCRIPTION 


The first satellite ranging measurements of this experimental program 
were made in the autumn of 1968. Between the time of the first measurements 
and the preparation of this report, 290 files of data were logged on satel- 
lite ranging measurements, totaling 205 hours on ATS-3 and 73 hours on 
ATS-1. Both satellites were used in two-satellite ranging experiments for a 
total of 63 hours. Experiments were conducted at all hours of the day and 
night, in all seasons of the year, and involved geographical locations as 
widely separated as Thule, Greenland; Buenos Aires, Argentina; Shannon, Ire- 
land; and Hawaii. 

In addition to the ranging and position fixing experiments, other ex- 
perimenters were assisted with their programs involving ships, aircraft and 
NASA ground stations. 

General Electric' s Radio-Optical Observatory near Schenectady, New York 
(Figure 3-1) served as the control station in the experiments. Ranging mea- 
surements were made to remote transponders on two aircraft of the Federal 
Aviation Administration in flight over the continental United States and over 
the North Atlantic Ocean as far north as Thule, Greenland and as far east as 
Shannon, Ireland; to ships of the United States Coast Guard in the Gulf of 
Mexico and in the Pacific Ocean; to a buoy moored in deep water off Bermuda; 
to a panel truck on roads in upstate New York; and to ground-based transpond- 
ers at Shannon, Ireland; Reykjavik, Iceland; Gander, Newfoundland; Buenos 
Aires, Argentina; and Seattle, Washington. 

The VHF transponders on NASA's ATS-3 and ATS-1 satellites relayed the 
signals between the Schenectady control station and the remote transponders. 
The uplink frequency from the earth to the satellite is centered at 149.22 
MHz and the downlink from the satellite to the earth is centered at 135.6 
MHz. The bandwidth of the satellite transponders is approximately 100 kHz. 

The audio frequency and radio frequency bandwidths for the range mea- 
surements were limited to 2.5 kHz audio bandwidth and 15 kHz radio frequency 
bandwidth in order that the signals be compatible with conventional mobile 
radio communications equipment and channel assignments. Initial design anal- 
yses indicated that these narrow bandwidths would provide adequate ranging 
resolution to resolve each of the important factors contributing to range 
error at VHF, and the narrow bandwidth would not limit the accuracy of posi- 
tion fixes. The experiment confirmed the analyses. A one sigma ranging 
resolution of approximately 200 feet was achieved on single measurements, 
and a. resolution of approximately 50 feet when a number of measurements were 
averaged. 

The experiment demonstrated for the first time that it is practical to 
locate mobile craft by range measurements from two satellites with a single 
interrogation from a ground station and a single response from the mobile 
craft. A short "tone-code" interrogation signal containing a single frequency 
tone burst followed by a user' s address was transmitted from a ground terminal 
to ATS-1 or ATS-3. The satellite repeated the signal. All of the activated 
transponders within range of the satellite received the interrogation and each 
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one matched the phase of a locally generated tone to the received tone phase. 
The unit that was addressed recognized its own code, and transmitted a re- 
sponse through an omnidirectional antenna. Both satellites repeated the re- 
sponse when both were within view of the unit. The ground terminal measured 
the time from the initial transmission to the return of the interrogating 
signal from the one satellite, and to the returns from the user as relayed 
by the two satellites. The time measurements were stored on punched tape 
and later inserted into a computer. The known equipment delays of the user 
transponder and the satellites were subtracted from the measurements, and 
the ranges from the two satellites to the user were determined. An initial 
fix determination was made, the local time at the initial fix was noted, and 
corrections for ionospheric delay were obtained from a model of the ionosphere 
stored in the computer. Range corrections were applied, and the position fix 
determined by another iteration of the computation. 

When a transponder was in view of only one satellite, lines of position 
were determined from the single range measurements. Computer programs were 
used to compute the latitude at which the line of position crossed a given 
longitude, or the longitude at which the line of position crossed a given 
latitude. 

Other data were also collected during the experiment, such as the stan- 
dard deviations of range measurements between the ground terminal and the 
satellite, and between the satellite and transponders aboard mobile vehicles 
or at fixed locations. Ionospheric delays were measured, and observations 
were made of Faraday rotation, ionospheric scintillation, and sea reflection 
multipath. Voice and data transmissions were made with the same transmitters 
and receivers used for ranging. 

The fixed transponders at Shannon, Ireland; Reykjavik, Iceland; Gander, 
Newfoundland; Buenos Aires, Argentina; and Seattle, Washington were used to 
measure ionospheric propagation characteristics, effects of satellite posi- 
tion prediction inaccuracy, and to test a calibration technique. 

The ground control terminal used in the experiment was the Radio-Optical 
Observatory, located at 42 o 50 , 53 n North latitude and 74°05 , 15" West longitude. 
Interrogations were transmitted to the satellites on 149.195, 149.22 or 149.245 
MHz with a transmitter power of 300 Watts. Transmissions were through a 30 
foot diameter parabolic antenna having a log periodic feed with selectable 
linear polarization. The same antenna was used to receive the signals 
from the interrogating satellite. In the later phases of the experiment a 
means was provided to switch polarization independently for transmission and 
reception. Except for brief tests, or when only ATS-1 was in use, the 30 foot 
antenna was used with ATS-3. When interrogations were made through one satel- 
lite and responses received from both satellites, the signals from one satel- 
lite were received on the 30 foot antenna, and the signals from the other were 
received on either a two-bay crossed yagi or a helical antenna. The two-bay 
crossed yagi antenna had 16 dB of gain and a choice of vertical and horizontal 
polarizations. The eight turn helical antenna, Figure 3-2, was circularly 
polarized and had an effective gain of 10 dB when used with the linearly 
polarized satellite signals. 

Signals returned from the satellites were on 135.575, 135.6 or 135.625 
MHz. The received signals were applied to pre-amplifiers with a noise figure 
better than 3 dB, and then detected in FM receivers with IF bandwidths of 15 
kHz. 
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Specially designed and constructed circuits detected the timing signals, 
and electronic counters measured the time intervals. They were then recorded 
on punched paper tape together with time of day, and information pertaining 
to digital bit error rates in the received user identification codes. Paper 
chart recordings were made of signal level and incremental time delay changes. 
Magnetic tape recordings of digital data returns were made when data were in- 
cluded with the responses. 

All of the vehicles and the fixed reference stations used in the test 
were equipped with FM mobile radio transmitters and receivers with tone-code 
ranging transponders attached. The transmitted powers and the antenna con- 
figurations used on the vehicles are given in Table 3-1. 

Table 3-1 

TRANSMITTED POWERS AND ANTENNA CONFIGURATIONS OF TRANSPONDERS USED IN TESTS 


VEHICLE POWER 


Buoy 120 W 

KC-135 500 W 

DC-6B 500 W 

Ship 300 W 

Van 80 W 

Fixed 300W* 

Reference 
Stations 

*100 W at Shannon, Ireland 

The tone-code signal consisted of an audio frequency tone burst followed 
by a digital address code. The tone burst was 1024 cycles of 2.4414 kHz. The 
digital address code had 30 bits. A digital "one" was a single cycle of the 
audio frequency tone and a digital " zerd' was a suppressed cycle. The time 
duration of a complete tone-code signal was approximately 0.43 second. Tone- 
code ranging is described in detail later in this section. 

The tone-code signal modulated the transmitter with a deviation of ap- 
proximately 5 kHz, resulting in an RF bandwidth for the signal of approxi- 
mately 15 kHz. The transmitter was a General Electric Mastr Progress Line 
Desk Mate® station and 4EF5A1 power amplifier. The 300 Watt, 149.22 MHz 
(or ± 25 kHz) signal was transmitted to the interrogating satellite, usually 
ATS -3*, through the 30 foot antenna. 

The satellite received the interrogation signals, converted them to 135.6 
MHz (or ± 25 kHz) and retransmitted them with an effective isotropic radiated 
power (EIRP) of approximately 200 Watts. Bandwidth of the satellite VHF 
transponders is approximately 100 kHz. The time delay through the transponder 
was given as 7.3 microseconds, the value assumed in estimates of equipment de- 
lay. Uncertainty in satellite time delay was acceptable since total time delay 
was calibrated for each transponder equipment with the vehicle at a known lo- 
cation. 


ANTENNA 


Selectable linearly polarized dipole. 

VHF blade. 

VHF blade and circularly polarized horizon and zenith 
mode Satcom antenna. 

Circularly polarized. 

Separate receive and transmit linearly polarized 
dipoles. 

Eight turn helices, circularly polarized, effective 
10 dB gain. 
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Each transponder consisted of an antenna, a mobile communications re- 
ceiver, a tone-code responder unit, and a mobile radio transmitter. In the 
responder unit, the phase of a locally generated 2.4414 kHz audio tone is 
compared with and matched to the received tone phase by adding or deleting 
pulses in the frequency dividing chain. Each pulse added or deleted shifts 
the output phase by 0.4 microsecond. In this way, the locally generated tone 
is shifted in steps until it matches the received tone phase within the small 
quantized interval. The circuit design is such that the phase can be shifted 
180 degrees in either direction within 400 cycles of the audio tone. Recep- 
tion of only 400 cycles out of the 1024 is sufficient to insure phase match. 
The phase comparison is averaged over approximately 64 cycles to reduce the 
effects of noise jitter. When the received address code is recognized, the 
phase shifting and averaging process ends and the locally generated tone re- 
mains at the phase established during the comparison with the received tone 
phase. The accuracy of the oscillator, better than one part in 10^, insures 
that the tone phase as measured by the timing of the zero crossings of the 
audio tone will not shift by more than 0.25 microsecond in the following 1/2 
second. 

At the ground terminal the first signal received back from the satellite 
was the interrogating signal. The propagation time to the geostationary 
satellite and return was approximately 0.25 second so that the ground station 
was still transmitting when the first part of the interrogation signal was 
returning. Consequently, only the last half of the interrogation was re- 
ceived and applied to the phase matcher-correlator, a circuit like that in 
the mobile responders except that address codes are selectable with a rotary 
switch. Because the phase matcher can bring the local tone into phase within 
400 cycles, or half the tone period, the duration of the received tone was 
sufficiently long for the phase measurement. Correlation of the address code 
resolved the tone period ambiguity, and gated out a single clock pulse to 
mark the end of the time interval for measuring the range from the ground 
terminal to the satellite, and the start of the time interval for the range 
from the satellite to the mobile craft. The response from the craft through 
the interrogating satellite was received and processed by the same equipment 
and in the same way as the interrogation return. The full duration of the 
tone was received. The response relayed through the other satellite was re- 
ceived on a different antenna and receiver, and processed in a different phase 
matcher-correlator. 

Three time intervals were measured and recorded. All three time interval 
measurements started with the transmission of the interrogation signal from 
the ground station. The actual start time occurred one clock period, 409 
microseconds, after the transmission of the last bit in the user address code. 
The first time interval, approximately 0.25 second in duration, ended with the 
correlation of the return from the interrogating satellite. The other two in- 
tervals, each approximately 0.9 second in duration, ended with correlation of 
the vehicle responses through two satellites. The intervals were measured 
with a timing resolution of 0.1 microsecond. 

The time from the start of an interrogation to the completion of the 
range measurements and recording of the data was approximately 1.3 second. 

The time intervals were measured using Hewlett-Packard Model 5245L coun- 
ters with 5262A time interval plug-ins. The time intervals were punched on 
paper tape along with Greenwich Mean Time, and a number representing the bits 


3-6 



in error in the word synch and address code. The bits in error were directly 
related to the amplitude of the correlation pulses from the summing circuits 
which took on discrete values depending on the number of correct bits in the 
received code. Correlation could be achieved when as many as three bits were 
in error in the word synch or the individual address code. 

The punched tape data recording format is shown in Figure 3-3. The word 
and address error rate symbols are separate digital voltmeter measurements of 
the amplitude correlation pulses of the word synch and the user address in the 
correlator. Numbers of approximately 10065 indicate zero bits error and 10057 
would represent one bit error in the 15 bit codes which were at a digital bit 
rate of 2.4414 kHz. 

In addition to the punched tape recording, a four channel paper chart re- 
cording was also made. (See Figure 3-4) The chart speed was 2.5 mm per second 
and each interrogation and response is resolved along the chart. The last 
three digits of the time interval measurements for the propagation time measure- 
ments from the Observatory to ATS-3 and return were converted from digital sig- 
nals to an analog voltage and recorded in the third track. The time resolution 
is 1 microsecond per large division. The slope of the average value results 
from the changing range from the Observatory to the satellite. 

When necessary, as in the data readout of Sea Robin, a magnetic tape re- 
cording was made of the received audio frequency signals. 

The specific uses of the recorded data are described for each transponder 
in later sections of this report. The usual data processing included the de- 
termination of standard deviations for range measurements. Standard deviations 
for selected portions of the recorded data were computed relative to a "best 
fit" quadratic curve. A sample of data processed in this way is shown in 
Figure 3-5. In some cases, the measurements were plotted as a function of time 
or as histograms to observe distribution patterns influenced by noise, iono- 
sphere propagation effects, or multipath. Lines of position and fixes were 
computed to determine precision and accuracy for various conditions. 


Tone-Code Ranging Technique 

The tone-code ranging technique used in the experiment has the following 

characteristics. 

• Useful accuracy can be achieved within the modulation and radio frequency 
bandwidths of present-day mobile communications. 

• The technique can be used with wide bandwidth for high accuracy. 

• It requires only one channel for range measurement, receiving and trans- 
mitting in the simplex mode if desired without need for an antenna diplexer. 

• The time required for a range measurement is a fraction of a second so that 
it can time- share a communication channel with little additional time usage 
of the channel. 

• It can be implemented by the Addition of an inexpensive, solid-state re- 
sponder unit attached to a communication receiver-transmitter. 
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FIGURE 3-3 
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FIGURE 3-4 
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FILE 113 
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• It can, but need not, employ digital or digitized voice transmissions to 
provide synchronizing of the user responder, thereby further increasing the 
efficiency of channel usage. 

• There are no "lane" ambiguities in the range measurements. 

• User identification is simple and is confirmed in the return signal. 

Range measurements from satellites are made by measuring the propagation 
time of a radio signal from the satellite to the user and return. The propa- 
gation time can then be converted to a range measurement by relating it to the 
known propagation velocity of the radio signals. The free-space propagation 
velocity must be corrected for ionospheric and atmospheric propagation effects. 
Propagation time is measured by placing a time marker in the form of a "tone- 
code" interrogation (Figure 3-6) on the transmitted signal and observing the 
time for the tone-code to go to the user and return. As used in the experi- 
ment, the interrogation signal is a short audio frequency tone transmission 
followed by a digital address code in which audio cycles are inhibited for 
zeros, transmitted for ones. Improved performance would result from the use 
of phase shift keying. The simpler format was chosen early in the experiment 
for convenience, and was not changed as its performance fulfilled the test 
requirements. 

Each user transponder is assigned a unique digital address code. When 
the user' s fix is to be determined, the tone burst followed by his address 
code is transmitted by the Observatory to one of the geostationary satellites, 
the "interrogating satellite", that repeats it. All of the users receive the 
satellite transmission, but the transponder that is addressed recognizes the 
address code automatically, and after a precise delay, retransmits the tone- 
code. The satellites repeat the signal. The Observatory measures the inter- 
vals from the initial transmission to the first repetition by the interrogating 
satellite and to the times of the user's returns by each of the two satellites. 
With these measurements, one can compute the ranges from the two known posi- 
tions of the satellites to the user. The range measurements determine two 
spheres of position centered at the satellites and having radii equal to the 
measured ranges. A third sphere of position centered at the earth' s center 
and having a radius equal to the earth's radius plus the user's altitude inter- 
sects the other spheres at two points — one in the northern hemisphere and one 
in the southern hemisphere. By a priori information, the proper point is 
selected at the user's location. 

The tone-code signal is entirely compatible with voice communications and 
is of such short duration that it can be inserted during pauses in speech. 

The signals can be relayed by satellites designed for communications with air- 
craft without requiring any changes to the satellites and without adding a 
significant load to their communication capacity. The signals are also com- 
patible with data-link digital communications. The phase of the digital clock 
for communications could also serve as the phase reference for ranging, and 
then the only signal necessary for ranging is the address code itself. 

The user receives the tone cycles from the satellite on its communication 
receiver, as shown in Figure 3-7. All of the tone cycles received from the 
satellite, even though they may be interrogations from other craft, are applied 
to a phase .matching circuit.. A locally generated tone of the same frequency is 
also .applied to the phase matcher, which adjusts the phase of the locally 
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generated tone so that it corresponds to the phase of the received tone. The 
local tone is generated at the same frequency as the ground terminal tone 
within an accuracy of one part in 10^ or better, an accuracy achievable from a 
moderately priced oscillator. The phase matcher accomplishes the phase match 
within 400 cycles and then averages over approximately 64 received cycles in 
establishing the timing of the locally generated phase. The averaging process 
improves the timing accuracy by the square root of the number of cycles aver- 
aged. 


The received tone is passed through a tuned circuit of approximately 120 
Hz bandwidth before its phase is compared with the locally generated 2.4414 
kHz tone. Phase comparison for 400 cycles is sufficient to match the zero 
crossings of the received and locally generated tones to within 0.4 microsecond 
if the signal-to-noise ratio is high, and to average the effects of noise to an 
acceptable value if the ratio is low. Phase shifting the 2.4414 kHz is achieved 
by the addition or elimination of pulses in the divide down counter at the 2.5 
MHz and 5 MHz levels. 

The locally generated tone is used to generate clock pulses that clock 
the received interrogation signal into an address code recognizer that consists 
of a shift register with summing circuits prewired to correspond to the digital 
address code of the user. Digital pulses timed from the received tone zero 
crossings are clocked into the address code recognizer. When the sequence of 
pulses representing the user's address code is clocked into the recognizer, it 
produces a single output clock pulse that opens a gate to interrupt the locally 
generated pulses that are clocking the shift register. The duration of the 
interruption is precisely controlled by a pulse counter. During the interval 
in which the clock pulses are interrupted, the user' s transmitter is activated 
and the antenna is switched from the receiver to the transmitter. When the 
switching is completed, the locally generated 2.4414 kHz tone is transmitted 
until the end of the precisely measured interval. Clock pulses are then reap- 
plied to the shift register and the address code is clocked out to key the 
audio tone to the transmitter and return the address code, back through the 
satellite to the ground station. Introduction of the delay while the antenna 
is switched eliminates the need for a diplexer in the user equipment. It also 
enables reception and retransmission to occur on the same frequency. 

At the Radio-Optical Observatory, the receiver output is applied to an 
address code recognizer similar to that in the user equipment. Prior to the 
interrogation of an individual user, the taps of the summing circuit are 
switched to correspond to the code of the user to be addressed. When the 
address code is received from a satellite, a single output clock pulse occurs 
at the output of the summing circuit. 

In the range measurement tests, time is measured from the transmission of 
the code to the first or "direct" return from the satellite and also to the 
second return, which is the user' s response. The first interval, the known 
equipment delays, and estimated ionospheric delays are subtracted from the 
longer interval to yield a measure of the distance from the known position of 
the satellite to the user. 


Equipment Description 

General Electric's Radio-Optical Observatory serves as the ground control 
terminal for the experiment. Equipment used for the ranging and position 


3-14 



fixing experiment is depicted in Figure 3-8. A tone-code responder unit, 
shown in the photographs of the five circuit board cards and the assembled 
unit with its cover removed (Figures 3-9 and 3-10), is used with a mobile re- 
ceiver and transmitter to form a transponder . The block diagram of a responder 
is depicted in Figure 3-11. 

Each user responder performs the following sequence of functions: 

1. Phase alignment of its own 2.4414 kHz clock with the received 2.4414 kHz 
signal prior to receiving the address code. 

2. Recognition of its user address code. Each responder contains a shift 
register prewired for its own address. 

3. Measuring a precise time delay of 1024 tone cycles duration, 419,430.4 
microseconds. 

4. At the start of the delay, switching transceiver from the receive mode 
to the transmit mode. 

5. Supplying the properly phased tone modulation signal to the transmitter 
during the precisely known time delay, 

6. Transmitting its digital address code starting precisely at the end of 
the delay. 

7. Switching transceiver back to receive mode. 

The responder functions on a 30-bit user address code. The code consists 
of a 15-bit word synch and a 15-bit address. The 15-bit word synch is the 
same for all users. A unique 15-bit address is assigned to each user. This 
particular code configuration provides for 128 users with a minimum Hamming 
distance of 5. 

The 15-bit address code shift register is wired specifically for the 
user’s address. When the address is received following the tone, correlation 
occurs simultaneously in the 15-bit word synch shift register and in the 15- 
bit address shift register. The outputs of the shift register stages are 
summed in a current summing network. Centering of the word synch and address 
code in each of the correlators results in a peak voltage at the correlator 
output. The voltage peak is threshold detected and used to gate out the next 
clock pulse for timing purposes since the rise-time of the lead edge of the 
correlation waveform itself is not sufficiently accurate. The pulse starts a 
counter that measures a period of 1024 cycles of the locally generated tone. 
This timing pulse also switches the transponder into the transmit mode, and it 
then begins to transmit the locally generated, properly phased 2.4414 kHz tone 
back to the satellite. At the end of the precise time delay, the address code 
is transmitted. The transponder then returns to the receive mode and awaits 
further interrogations. During retransmission of the tone and address, the 
2.4414 kHz clock has remained in phase with the previously received signal 
since following correlation no further input is presented to the phase matcher, 
thereby preventing noise from corrupting the phase alignment. 

An additional feature of the responder is a noise inhibit circuit which 
prevents false correlations on noise during the absence of a received signal. 
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RANGING AND POSITION FIXING EXPERIMENT EQUIPMENT 
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FIGURE 3-10 


ASSEMBLED RESPONDER UNIT 
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RESPONDER BLOCK DIAGRAM 


This is achieved by half-wave rectifying, filtering and threshold detecting 
the output of the narrow band filter. This circuit is designed to respond 
only to the presence of the continuous synch tone. Once the presence of the 
tone is detected, the received signal is then presented to the shift register. 

The responder is digital. It is constructed on five printed circuit 
boards, 61/4 inches by 8 inches, and utilizes Fairchild DTL and T^L dual in- 
line ceramic logic packages. The cards slide into a circuit board and connec- 
tor mounting kit which is housed in an aluminum box, 6 inches by 8 inches by 
10 inches. Its total weight is six pounds. A single connector on the front 
provides the necessary input and output functions. The power requirements are: 
+5 volts, 1.0 amp; +15 volts, 0.09 amp; -15 volts, 0.07 amp. 

The tone-code generator and the phase matcher-correlator (Figure 3-12) in 
the Observatory are based on the same circuits. The printed circuit boards 
are designed so that they can be modified for use in a tone-code generator, a 
phase matcher-correlator, or a responder unit. 


Computer Programs 

The following computer programs were prepared for processing the data. 
SLANTM 

This GE MARK I time sharing code computes the slant range between: 

1) a satellite with specified geocentric earth distance and its subsatellite 
longitude and geodetic latitude; and 2) a ground station whose coordinates are 
longitude, geodetic latitude and an altitude above the earth's surface refer- 
ence ellipsoid. The flattening factor and equatorial radius presently being 
used are: 1/297 and 6.378166 x 10^ meters. 

OBSPROCi (+ files) i = 1, 2, 3, 4 

These GE MARK II time sharing codes are used to process punched paper 
tape generated at the Observatory. The tape contains a sequence of many re- 
cords each containing time (hours, minutes, seconds); two time delay measure- 
ments; and, in one version, voltage level data. These programs read the 
punched paper tape, check each record for completeness and correct format, and 
then perform least squares (second order) curve fitting versus time in a vari- 
ety of options at the control of the user. The user can specify "interval 
markers" (N = 0, 1, 2, ... in number) which subdivide the total interval into 
N + 1 subintervals in each of which independent second order least squares 
curve fits are made. The program includes a variety of logic to exclude "wild 
points", such as a meaningless number printed when no response is received, 
from the least squares contribution. Standard output includes such quantities 
as the total number of observations, the number of which are taken as good 
points; the time at each boundary of the subintervals; the three coefficients 
associated with the second order model; the maximum and minimum error between 
the curve fit and "good" points in each sub interval; and an unbiased estimate 
of the standard deviation of the errors. Similar data are summarized for the 
whole interval. At the user's choice, various output tabulations are avail- 
able showing the estimate and actual measurement and their difference along 
with various other time data. 
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FIGURE 3-12 


TONE-CODE GENERATOR AND PHASE MATCHER CORRELATOR 
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The four versions are associated with that many different punched paper 
tape formats. Also, one version operates on the voltage level to give an 
indicated bit error rate in each subinterval. 

LATCOM (+ files) 

This code exists in two versions for both GE' s MARK I and MARK II time 
sharing systems. One version is in a "conversational mode" for input, while 
the other reads files for input. The purpose of LATCOM is to compute a user's 
geodetic latitude, when given his longitude, altitude above the ellipsoidal 
first reference and slant range time delay information to one satellite whose 
ephemeris (geocentric earth distance, longitude and geodetic latitude) are 
available on a file containing date, time and the preceding quantities. The 
ellipsoidal earth is presently taken to have a flattening factor of 1/297 and 
a mean equatorial radius of 6.378166 x 10^ meters. At present, the user 
manually inputs bias terms for equipment delays and corrections for ionosphere 
delays on propagation path. 

POSFIX (+ files) 

This GE MARK II time sharing code computes the user's longitude and geo- 
detic latitude, when given his altitude above the ellipsoidal earth reference 
and slant range time delay information from two satellites whose geocentric 
earth distances, longitudes and geodetic latitudes are available in an ephemeris 
file which contains, in addition, date and time. In this code the effects of 
the ionosphere delays are computed on the basis of an empirical model as a 
function of the time of day at the intersection of the ray path with an iono- 
sphere layer and the elevation angle associated with the slant range vector 
from the point on earth to the satellite. Internal to the computer program is 
a secant solution of two simultaneous nonlinear algebraic equations. This 
secant subroutine and an associated matrix inversion subroutine are called 
from the MARK II FSL Library programs. 


The Network of Fixed Transponders 

The installation of a widespread network of fixed transponders, and the 
enthusiasm of the personnel and organizations that installed, maintained, and 
operated them on a cooperative basis made it possible to accomplish a program 
far beyond the scope of the contractual agreement between the National Aeronau- 
tics and Space Administration and the General Electric Company. NASA and its 
ATS Operations Control (ATSOC) were very generous in the assignment of satel- 
lite time to the experiment, often going to great trouble to make satellite 
time available on short notice, or to re-program to coordinate assigned satel- 
lite time with aircraft flights or other events that could not be kept to an 
inviolate schedule. One of the great satisfactions in conducting the experi- 
ment has been the opportunity to work with cooperative, professional colleagues 
in other lands, in government agencies, airlines, and other commercial and in- 
dustrial concerns. 

The purchase, construction, and shipment of all the units except the one 
in Iceland was funded by the General Electric Company through its New Businesses 
Development Operation, Corporate Research and Development. The unit in Iceland 
was funded by Comsat Corporation. 
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The installation, operation and maintenance were arranged by the local 
organizations at each site. It is noteworthy that every request for voluntary 
participation resulted in an enthusiastic response. 

The ground reference transponder used in this network is shown in Figure 
3 - 13 . The receiver-transmitter is a General Electric Mastr Progress Line R 
type DM-7 6-LAS mobile radio base station unit. The original limiter discrim- 
inator of the receiver was bypassed with a unit designed to have a smaller 
time delay change with signal amplitude than the original limiter discrimina- 
tor. The receiver was preceded by a Parks model 144-IP preamplifier. A tone- 
code responder unit is connected between the receiver and transmitter and the 
transmitter output is amplified by a. Gonset model 903 Mark II, 350 Watt power 
amplifier, shown in Figure 3-14. 

The transponder is designed to permit unattended operation. No voltage is 
applied to the plate circuits in the power amplifier until about 7 seconds af- 
ter the unit has received an initial interrogation from the ground station. 
Following this initial interrogation, the transponder is designed to respond 
through the satellite for a time period which is adjustable up to eight min- 
utes. Each interrogation after the initial activation resets the timer. After 
the last interrogation, the time delay relay deactivates the power amplifier. 

The antenna furnished with the ground reference transponder is an eight- 
turn helix (shown in Figure 3-2) built by Technical Appliance Corporation. It 
has 13 dB gain for circularly polarized signals, 10 dB gain for the linearly 
polarized signals from the ATS satellites. 

A detailed description of the transponders is contained in the General 
Electric report GEK-5821, "Instructions and Operating Characteristics, Tone- 
Code Transponder System?' , dated April 1970. 

Ground reference transponders were installed at the following locations. 
Gander. Newfoundland 

Arrangements for the installation of a transponder at Gander were made 
through Aeronautical Radio, Inc. (Mr. C. Petry) with F. L. Bentley of the 
Canadian Department of Transport. Mr. Shirley Boothe, also of the Canadian 
Department of Transport, visited Schenectady on December 17 and 18, 1969 to 
gain familiarity with the project and evaluate it for his organization. The 
unit, with user code 6(Appendix IV), was shipped to Gander in January 1970. 

Mr. James Lewis of General Electric went to Gander on February 17, 1970 to 
assist in its installation. The Parks preamplifier, base station selector 
switch and interconnecting cables were damaged in shipment. A minor modifica- 
tion was made to the antenna mount, the unit was trucked seven miles to the 
installation site, installed, the damage repaired, and the unit placed in 
operation and tested through the satellite in one eight-hour working day. A 
concrete pad had been poured in advance for mounting the antenna. 

The unit was installed in a building approximately three miles from the 
Gander airport. Usually unattended, the building also houses aircraft beacon 
t ransmitt ing equipment . 
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FIGURE 3-13 


GROUND REFERENCE TRANSPONDER 
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FIGURE 3-14 
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Shannon. Ireland 


A transponder, with user code 7 (Appendix IV), was placed in operation at 
Shannon, Ireland on April 28, 1970. Arrangements were made with Hr. G. E. 
Enright, Department of Posts and Telegraphs, Dublin, through Mr. C. Petry of 
Aeronautical Radio, Inc. The transponder is maintained and operated by the 
Engineering Branch, Radio Division, Department of Posts and Telegraphs. 

The transponder is located in the building that houses the communications 
operations and facilities for the Shanwick North Atlantic air traffic control 
sector. 

The unit was shipped to Ireland, installed by local personnel using the 
instructions, GEI-45099, furnished with the unit. 

The facilities are located near Shannon airport. A complaint of inter- 
ference to aircraft communications in the 118-136 MHz band was received, and 
the transmitter power on the 149 MHz uplink was reduced from 300 Watts to 100 
Watts. No further interference was experienced. D. O'Neill kept an excellent 
written log of the use of the transponder. A portion of the log is reproduced 
in Figure 3-15. They also furnished a tape recording of the satellite communi- 
cation signals that is valuable as a record of the experiment as well as use- 
ful in evaluating voice communications reliability under the varied conditions 
of the experiment. 


Seattle. Washington 

A transponder with user code 10 (Appendix IV), was installed by the Boeing 
Company on July 1, 1970. An initial fault, probably resulting from damage in 
shipment, was found in the code correlator and corrected so that the unit was 
operational on July 13, 1970. The transponder was located in a van several 
miles from the offices of Mr. L. Hutton, who was in charge of its operation 
and maintenance. A timer was installed in the power line to the unit, so that 
it was completely inoperative except during preset periods when it was placed 
in standby condition, ready for interrogations through the satellite. When 
Boeing personnel were notified in advance of test periods, they set the timer 
when it was convenient to visit the van, and the tests were conducted later 
without attendance at the unit. 

During much of the experimental program, both satellites were in line-of- 
sight from Seattle, so that it was necessary to direct the helical antenna to 
the satellite of interest for each test. 

It was often possible to interrogate the Seattle transponder through the 
satellite that was in the beam of the antenna, and get the response back through 
both satellites, even though one satellite was receiving its signal from a side 
lobe of back lobe of the antenna. A position fix computation could then be made 
from the response. 

The ATS-3 satellite was started on its seasonal eastward movement in March 
1970. It was stopped at 46° west longitude in December 1970. On November 23, 
1970, the satellite was below the horizon for Seattle and could no longer be 
used for ranging or communications. ATS-1, however, remained useful for a link 
between Schenectady and Seattle. 
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The following, is copied from the log kept, by Mr. D. O'Neill., Engineer.- in Charge;, 
Shannon Aeradio, Ballygirreen, Newmarket -on-Ffergus., County Clare;, Ireland.. 


SATELLITE. RECORDINGS' 


FROM TO 

SPEED 

COUNTER. 


8/7/70 

2015 


1599 

1636 

FA114 CLEARING G.E.l AND VARIOUS AN- 
TENNA TESTS G. E. 1 CONFIRMS 9th AND 
10th SKEDS WITH EIP 

9/7/70 

1550 

1 7/8 

1638 

1722 

GvE. 1/FAA1I4 DISCUSS FAULT ON ONE. 
SYSTEM. BOTH SYSTEMS LOUD AND 
CLEAR HERE. GE1 and FAA114 CONTINUE 
FAULT TRACING AND TESTING. 

10/7/70 

1 7/8 

0000' 

0160 

FAA114/G.E. 1 114 on GROUND AND G.E.l/ 


SNN WILL BE ENGAGED MAINLY WITH FAA 
114.. THIS SEED A/C WAS SCHEDULED TO 


BE AT SNN DURING THE 19/21 PERIOD BUT 
THEY WILL NOT BE THERE TODAY EXCEPT 
THEY WILL BE THERE ON MONDAY. WILL 
PASS THE SEEDS FOR MONDAY DURING THE 
19/21 PERIOD. 

G.E.l who is in Command of Aircraft.. 
Are you airborne yet, if not where 
are you. When do you depart for 
Shannon FAA114. Mr. John Steinmats 
is in command of the mission. We 
are on the ramp at Tooley (Thule). 

Our ET Shannon unknown. Awaiting 
some equipment FAA114 depart Thule 
for SAKALAK will depart. Bound for 
Shannon sometime Sunday or Monday 
12th or 13th respectively. New sked 
Sunday 12th 1400/1600 if not there 
Monday 13th. 

12/7/70 

1400 0719 1738 G.E.l tests to FAA114 

eat EINN 1932. 

G.E.l tests EIP and advises remain- 
ing skeds for today. 

1900/1915 1940/2015 2040/2115. 

FAA114 to G.E.l "ETA EINN 1951Z" 

G.E.l checking with FAA114. FAA114 
"Touching down EINN now" G.E.l/ 
FAA114 Ex. QRKS and remarks G.E.l 
to EIP "WE TERMINATE SKED NOW 2015Z. 
FAA114 not reading me please advise 
him by phone. No skeds until further 
notice." 


FIGURE 3-15 

PORTION OF LOG KEPT ON TRANSPONDER USE AT SHANNON, IRELAND 
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A test was conducted on March 22, 1971 when the satellite was drifting 
west and was visible to Seattle. Performance was excellent even though two 
months had elapsed since the previous test period. 


Reykjavik, Iceland 

A transponder, with user code 9 (Appendix IV), was installed at Reykjavik 
on January 6, 1971. Arrangements for its installation were maide through Mr. 

L. Magnusson, Civil Aviation Administration, Iceland. The unit was installed, 
operated, and maintained by local personnel. No difficulties were experienced 
in the installation or operation of the unit. It has worked well in the auto- 
matic transponding mode, and for voice communication. 

Construction and shipment of the unit were financed by the Comsat Corpora- 
tion. 


Buenos Aires, Argentina 

The transponder, user code 8 (Appendix IV), that had been used aboard the 
Coast Guard Cutter Rush was returned to Schenectady for inspection after its 
nine weeks of use on the ship, then sent on to Buenos Aires, Argentina. No 
repairs or adjustments were found necessary after its use on the ship. 

Arrangements for installation were made through the International General 
Electric Company, with assistance from Pan American World Airways. The unit 
was installed and operated by the Argentine Air Force. Installation of the 
transponder was on the eleventh floor of a building in the city of Buenos Aires, 
with the helical antenna mounted on the roof of the building. 

No difficulties were experienced with the equipment in its installation 
or operation. This particular unit was used over a period of nine months, was 
at sea for nine weeks, then transported by truck more than three thousand miles, 
and by ship five thousand miles, with only minor adjustments and recalibration. 


Transponder Calibration Technique 

Each user transponder introduces an equipment time delay which is the 
time required for the ranging signal to pass through the antenna cable, the 
electronic circuits, and to be processed. User equipment time delay is one of 
the delays that must be subtracted from the total time of the range measure- 
ment to yield the actual range. 

Each user equipment delay is unique; therefore, it must be measured, or 
calibrated, and stored in the computer with the user address and subtracted 
from each range measurement that is made to that user. This calibration pro- 
cedure is necessary in all ranging techniques. With tone-code ranging, a single 
tone technique, only one value need be measured and stored. With some multiple 
tone ranging implementations, it may be necessary to calibrate and store the 
delay for each tone. 

Each transponder used in the experiment was calibrated initially at the 
Observatory before it was sent to its user facility. After its installation 
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aboard the craft or at its ground location, it was recalibrated. The trans- 
ponder calibrations were rechecked occasionally. 

It was found to be simple and practical to measure the equipment delay 
of a distant transponder, to store the delay calibration with the transponder 
address in the computer, and to use the calibration measurement in the compu- 
tation of ranges, lines of position, and position fixes. The technique was 
used routinely throughout the experiment. In practice, it was convenient to 
store the sum of the user equipment delay, the satellite equipment delay, and 
the Observatory equipment delay as a single number. 

Procedural steps for calibrating a remote transponder are given below. 

• The location of the distant transponder is accurately specified in latitude, 
longitude, and height above mean sea level. If the transponder is in a mobile 
craft, it is placed at a benchmark or other accurately known location for cal- 
ibration. 

• A tone-code ranging signal is transmitted from the Observatory to one satel- 
lite. The satellite relays the signal to the distant transponder. The trans- 
ponder responds as it does for any ranging interrogation, 

• At the Observatory, a measurement is made and recorded of the Observatory- 
to-satellite ranging time; that is, the time from the transmission of the 
ranging interrogation to its return from the satellite, 

• At the Observatory, a measurement is made and recorded of the total ranging 
time; that is, the time from the transmission of the ranging interrogation to 
the return via the satellite of the response from the distant transponder. 

• The Observatory-to-satellite ranging time is subtracted from the total rang- 
ing time to yield the satellite-to-transponder ranging time. The satellite- 
to-t ransponder ranging time is the sum of the two-way signal propagation time 
from the satellite to the transponder plus the transponder equipment time delay 
plus the ionosphere propagation delay. 

• Computations are made of the geometrical slant ranges from the satellite to 
the distant transponder and from the satellite to the Observatory. The ranges 
are expressed in microseconds two-way propagation time, assuming the propaga- 
tion velocity is that of light in free space. NASA predictions of satellite 
position are used. 

• An estimate is made of the ionosphere propagation delay. If the distant 
transponder is within approximately 1000 miles of the Observatory, the Observa- 
tory and satellite equipment delays and the Observatory-satellite geometrical 
slant' range are subtracted from the measured range to yield the ionosphere 
propagation delay. The value is modified to allow for sun time difference and 
elevation angle difference and used as the estimate of propagation delay for 
the distant transponder. If the distant transponder is more than approximately 
1000 miles from the Observatory, but near another previously calibrated trans- 
ponder, range measurements to the previously calibrated transponder can be 
used in the manner described for the Observatory. If no previously calibrated 
transponder is within approximately 1000 miles of the transponder to be cali- 
brated, an estimate of ionosphere delay is made on the basis of published 
literature or other data that may be available. In that case it may be 
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preferable to calibrate during; the night when the electron content, is low,, and. 
an estimate of delay may have a smaller absolute error. 


•• The computed geometrical slant, range plus the estimate of ionosphere propa- 
gation. delay are' subtracted from the satellite to transponder range., The dif- 
ference is. the transponder plus satellite equipment delay. 

• As an alternate method, the: initial calibration of the equipment, made before 
it was shipped from the Observatory,, is used as a first assumption of equipment 
delay when the transponder is at its distant calibration, site. A range measure- 
ment is made in. the usual manner,, an estimate made of: ionosphere delay as de- 
scribed. above, and a latitude determination is made from the range measurement 
using the LATCCM program. The difference between the computed and actual lati- 
tudes is noted, and an appropriate correction applied to the equipment delay 
term in the program; the latitude is determined again.. The process is' repeated 
until the computed and actual, latitudes coincide. The value of the equipment 
delay used in the final computation is then accepted as the equipment delay 
calibration. 

Calibration of. equipment delay was' correct within one microsecond. As an 
example, range measurements were made to. an FAA DC-6 aircraft parked on. a 
benchmark at Shannon, Ireland. Measurements were also made to the ground 
reference transponder at Shannon. The aircraft then returned to Atlantic City, 
New< Jersey. Nine days after the measurements were made at Shannon, the air- 
craft equipment delay was calibrated at Atlantic City by the method outlined 
in the. foregoing procedural steps, latitude determinations for the aircraft 
at Shannon were made using the Atlantic City equipment: delay calibration. 

The average of the latitude determinations was 800 feet north of the bench- 
mark location of the aircraft (Section 6 ). Ionosphere propagation delay and 
satellite prediction error were corrected from the measurements made to the 
Shannon reference transponder. Equipment delay calibrations of the aircraft 
transponder, the Shannon reference transponder, and the Observatory equipment 
all affected the accuracy of the latitude determination. The total of all of 
these could not have affected the range measurement more than approximately 
one microsecond.. One microsecond represents 491 feet in range. Geometrical 
dilution would have caused a latitude error of 800 feet for a range error of 
approximately 500 feet. The satellite was at an azimuth of 240° and elevation 
of 11°’ from Shannon at the time of the. measurements. 
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SECTION 4 


EQUIPMENT PERFORMANCE 


Equipment design, performance, and usage influence the precision and ac- 
curacy of ranging measurements. The experiment provided an opportunity to 
evaluate limitations imposed by the equipment. 

Bandwidth of the ranging signal influences the measurement precision. 

Radio range measurements can only be made by measuring propagation time, and 
that in turn by measuring the interval between a transmitted and received wave- 
form. Although the modulating wave may take many forms, the highest range 
resolution that can be achieved is set by the ability to measure the phase of 
the highest frequency component in the waveform. Phase measurement precision 
is relatively independent of frequency. A precision of the order of one de- 
gree is usually achievable without refined techniques. The higher the fre- 
quency, the better the timing resolution. 

The designer does not usually have an unrestricted choice of signal band- 
width. In the design of the ranging experiment, the radio frequency and audio 
frequency bandwidths of aircraft mobile communications were selected as limits. 
This appears to have been a proper choice, as it permits evaluation of the 
technique within practical limitations set by existing satellite communications 
equipment specifications and frequency allocations. The precision achieved 
within these bandwidth constraints was sufficient to resolve the VHF propaga- 
tion effects. 

Measurement precision is affected by noise, for noise causes a "jitter" of 
the signal phase. If the noise is random, the error may be reduced by averaging 
a number of measurements. As the signal-to-noise ratio becomes poorer, the 
amount of jitter increases, and the measurement precision decreases even if 
averaging is used. It is important in a ranging measurement that the precision 
be within acceptable limits at the poorest signal-to-noise ratio that is ex- 
perienced. In the VHF range experiments this was insured by the use of fre- 
quency modulation that yielded better signal-to-noise ratio of the detected 
signal than that of radio frequency signal, and by post -detection filtering. 
These techniques insured that an acceptable phase measurement precision was 
possible whenever the radio frequency signal was strong enough to be detected. 

Accuracy is affected by the time delay variations of the equipment. The 
absolute value of the time delay is not important. If it does not change, it 
is subtracted from the measured interval in calculating the range. However, 
if the delay changes in an unknown way, it introduces an error that cannot be 
compensated. Electronic circuits are subject to changes in delay time, with 
the delay variations tending to be greater in narrow bandwidth circuits than 
in wide bandwidth circuits. Delay variations can occur in receivers as a 
function of signal level. Bandpass filters such as receiver IF stages may 
have time delay changes if the circuits are slightly detuned. Signals from 
different users operating in the same channel may experience different time 
delays if their carrier frequencies are not exactly the same. The effects 
may be minimized by the use of temperature-stable components and by careful 
alignment to assure a linear phase characteristic across a bandwidth that in- 
cludes all significant frequency components of the signals. FM limiters may 
introduce time delay variations if they do not limit symmetrically about the 
IF zero crossings and discriminators may introduce changing time delays if 
they are improperly aligned. 
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The magnitudes of equipment time delay effects are a function of band- 
width and are independent of radio frequenqy. Wider bandwidth allocations at 
L-band than at VHF may be important if full^advantage is to be realized from 
the better propagation characteristics. 

All of the factors influencing precision and accuracy, including equip- 
ment delay characteristics and signal-to-noise ratio effects, were measured 
for the various equipments used in the experiment and the results of these 
measurements are presented in detail in this section. 


Equipment Time Delay 

Each electronic circuit contributes a time delay to the interval between 
the initiation of an interrogation and the final readout of the measurement 
at the ground station. The sum of these delays must be known precisely and 
subtracted from the total delay to yield the propagation interval. The range 
uncertainty introduced by uncertainty in equipment delay is the same as that 
for propagation time uncertainty, or approximately =fc 500 feet for 1.0 micro- 
second. Although the equipment delays may total several hundred microseconds, 
they must be known to within limits appropriate to the accuracy required of 
the measurements. 

For a statistical estimate of system performance, the delay uncertainties 
in ground equipment, satellite, and user equipment may be taken as the root- 
sum-square of their individual uncertainties since they are independent. The 
contribution of the ground station and satellite equipments can be maintained 
at a low value because they are in stable environments, and because they are 
available to the ground terminal for frequent measurement and compensation or 
calibration. 

An operational system would include many user equipments subject to a 
wide variety of environmental conditions and maintenance skills. It may be 
impractical to expect that each user equipment be preset and maintained to 
have a predetermined time delay within the limits assigned for equipment time 
delay in the error budget of the system. A better procedure, used in the rang- 
ing experiments, is to have the ground terminal determine each user’s time 
delay when the user is at a known location. The delay is then be stored with 
the user’s address in the computer memory. Calibration in this manner proved 
to be simple and it does not tax the computer. 

Narrow bandwidth circuits are more apt to contribute time delay uncertain- 
ty than wider bandwidth circuits, because a phase error caused by a non-linear 
phase characteristic in a filter represents a larger time error at a low fre- 
quency than the same phase error at a higher frequency. Experience in design- 
ing equipment for the experiment indicates that filters employing active com- 
ponents are subject to larger time delay uncertainties than filters employing 
only passive components. Digital switching and logic circuits can be designed 
to keep their time delay variations to a negligible value. 

Tone-code ranging has a distinct advantage because it does not require an 
antenna diplexer. In a separate program, a diplexer for reception of 157.86 
MHz and transmission of 154.89 MHz was tested in a vehicle on a cold winter day 
and found to have intolerable time delay variations, depending on its tempera- 
ture. A diplexer for use with a ranging technique that requires simultaneous 
reception and transmission by the user equipment would have to be carefully 
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designed to have a constant time delay over a wide temperature range. A di- 
plexer co-located with an aircraft or ship antenna would be subject to large 
temperature changes. 

For any active ranging technique, the user receiver must be designed for 
minimum time delay variations. Receivers designed for communications may have 
time delay variations with tuning and with signal amplitude. Tuning variations 
can be minimized by the use of crystal control and proper alignment for a linear 
phase versus frequency characteristic in the IF and other bandwidth limiting 
circuits. Carrier phase locking is helpful if the received signal frequency is 
not accurat e . 

During the experiment, no significant changes in time delay with tuning 
were observed with any of the crystal-controlled receivers. Time delay varia- 
tions with signal amplitude were observed. A General Electric ER-52-A receiver, 
designed for mobile communications without consideration to time delay varia- 
tions, was found to have a total variation in time delay of approximately 7 
microseconds. A different limiter was substituted for the original and the 
total variation reduced to less than 1 microsecond, as shown in Figure 4-1. 

Figures 4-1 through 4-5 show equipment time delay as a function of signal 
strength and of tuning for several receivers. 


Signal-to-Noise 

Noise added to the demodulated tone causes jitter of the zero crossings 
that are used for the timing measurement. Probable phase error on one cycle 
may be estimated by a vector addition of the signal and noise phasors. As- 
suming that the noise has a gaussian distribution, which is the usual case 
when receiving signals from the satellite, the one sigma probability phase 
error is the angle in radians between the signal vector and signal-plus-noise 
resultant when the signal and noise vectors are at right angles, as follows: 



n 


where E = RMS noise voltage 
E = signal voltage 
0 =1 sigma phase error in radians 

® E 

g 

Signal-to-noise ratio. dB = 20 log — 

E 

n 
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DELAY VERSUS SIGNAL STRENGTH AT THREE FREQUENCIES 
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Relative Signal Strength (dB) 


DELAY VERSUS SIGNAL STRENGTH 
GE TYPE ER-41-C RECEIVER, MODEL 4ER41C10-21 
ORIGINAL LIMITER REPLACED BY SPECIAL TUNED LIMITER 
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Relative Signal Strength (dB) 
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Estimated Signal Strength (Relative) in 


DELAY VERSUS FREQUENCY 
GE TYPE ER-52-A MONITOR RECEIVER 
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" 6 k »z -4 kHz -2 kHz 135.6 MHz +2 kHz +4 kHz +6 kHz 

Frequency 
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Frequency 


The phase measurement precision is improved by the square root of the 
number of cycles averaged. 

For the narrow bandwidth frequency modulation used in the experiment, the 
minimum signal-to-noise ratio for detection is 5 dB in the 15 kHz bandwidth of 
the receiver. The equivalent signal-to-noise ratio out of the 4 kHz bandwidth 
detector is 10 dB. (Figure 4-6) The detected 2.4414 kHz tone is passed through 
a 120 Hz bandpass filter before it is applied to the phase detector. Consider- 
ing fluctuation noise, the signal-to-noise improvement provided by the bandpass 
filter is 4000/120, or 15 dB. The lowest signal-to-noise ratio into the phase 
detector is thus « 25 dB. The one sigma phase error on a single cycle is 

0 = — - — x 57.3° m 3° 

6 yfns 

The phase measurement is averaged over approximately 64 cycles, to provide an 
improvement of approximately 8. The one sigma phase error should thus be 0.4 
degree. As the period of one audio cycle is 409 microseconds, the timing pre- 
cision should be 


0.4 


x 


409 

360 


« 0.45 microsecond 


Measurement of responder performance shows that the theoretical precision 
was not achieved at the detection threshold. Figure 4-7 relates RF signal-to- 
noise ratio and one sigma timing precision as determined in laboratory tests. 
Although the experimental results are worse than the theoretical by a factor 
of 3:1, the range measurement variation does not exceed practical limits at 
the lowest received signal levels; i.e. if the signal can be received at all, 
it is precise enough to be used. 

Tests were conducted to determine the performance of the phase matching 
and correlation process with various signal-to-noise ratios. The tests were 
performed at baseband (no RF link) by summing the output of the ground terminal 
tone-code generator with fluctuation noise and feeding the resulting output 
directly into the ground terminal correlator. The ground terminal correlator 
uses the same phase matching process as a responder. RMS -signal -to-RMS -noise 
ratios were measured at the output of the 4 kHz low pass filter used in both 
the ground terminal correlator and a responder. The signal was held constant 
at 1 Volt RMS while the noise was adjusted tq give the desired signal-to-noise 
ratio. Each was measured in the absence of the other using a Hewlett-Packard 
1400A RMS Voltmeter. A block diagram of the test set-up is shown in Figure -8. 

The test consisted of determining the standard deviation and number of 
bits in error in the 30 bit user code in the absence of additive noise and for 
signal-to-noise ratios between 20 dB and 0 dB. 

Data were collected for ten minutes for each signal-to-noise ratio. The 
code generator was caused to give an output once per two seconds resulting in 
300 correlations for each test condition. The time interval measurements for 
determining the standard deviation were the intervals from code generation to 
correlation. 

Since each correlation involved the monitoring of a code which is 30 bits 
in length (15 bits word synch plus 15 bits address), the maximum number of bits 
monitored during the ten minutes is 9,000. For each missed correlation, the 
number will be reduced by 30 bits. 
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PERFORMANCE CURVE FOR A TYPICAL FM RECEIVER 
FOR A MODULATION INDEX OF 2 

(i.e. Modulation Frequency - 2.4414 kHz, Deviation - ± 5 kHz) 
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STANDARD DEVIATION AS A FUNCTION OF 
SIGNAL-TO-NOISE RATIO WITHIN A 4 kHz AUDIO BANDWIDTH 
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Signal RMS-to-Noise RMS in dB within a 4 kHz Audio Bandwidth 


FIGURE 4-8 


EQUIPMENT PERFORMANCE TEST 
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The results of the test are presented in Table 4-1. The bits in error 
are shown for both the word synch and address since they were monitored inde- 
pendently. The total bits in error is their sum. Also presented are the 
number of missed correlations and the maximum deviations from the mean in both 
positive and negative directions. The number of bits monitored is 9,000 minus 
30 times the number of missed correlations. P E is the bit error probability 
and was calculated by dividing the number of bits in error by the number of 
bits monitored. 

During the test, as during all the experiments, the correlator threshold 
levels on both word synch and address were set such that correlations will not 
occur if there are more than 3 bits in error in either word synch or address. 

Bit error probability, percent correlations and standard deviation, are 
each plotted as a function of signal-to-noise ratio in Figures 4-9, 4-10 and 
4-7 respectively. The distributions of time interval measurements (histogram) 
for each signal-to-noise ratio are presented in Figures 4-11 through 4-17. 

A measure of system performance in terms of accuracy and reliability is 
provided by comparison of the solid and dashed theoretical curves shown in 
Figures 4-7 and 4-9 respectively. 

The term reliability is used here in reference to the probability of a 
successful correlation. This is directly related to the bit error rate. 

Figure 4-9 presents bit error probability as a function of signal-to-noise 
ratio within a 4 kHz bandwidth. The dashed curve is theoretical* and is 
representative of that which can be achieved using an optimum filter. Both 
curves are for on-off modulation. Comparison of these curves indicates that 
the present system is operating below optimum by a maximum of 3 dB. System 
reliability can be improved by 3 dB if phase modulation (polar) is used. 

A measurement of system accuracy is provided in Figure 4-7. The dashed 
curve which provides a measure of system performance was derived based on 
material presented by Mischa Schwartz 2 . In his material, he derives the 
probability density function for the phase of a sinusoidal signal in the 
presence of gaussian noise. 


The expression for f(0) is as follows: 


f(9) = 


-S 

a 

~2tT 


+ — J — cos 9 e 


sin ' 9[ 1 + erf (S cos 9) J 


2 

where S = signal-to-noise voltage ratio. For S = 0 (no signal) the equation 
reduces too f (9) = l/:2n, as expected. For signal-to-noise ratios » 1 and 
|:q| < 5°, this expression reduces to 


f(9) = 


\At/S 2 


This represents a , gaussian distribution with zero mean and standard deviation 


ct = radians. 

:S/2 
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EQUIPMENT PERFORMANCE TEST DATA 
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Noise Generator Off 


Bit Error Probability 
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FIGURE 4-10 

PERCENTAGE OF CORRELATIONS AS A FUNCTION OF 
SIGNAL -TO-NOISE RATIO WITHIN A 4 kHz AUDIO BANDWIDTH 
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FIGURE 4-11 


DISTRIBUTION OF TIME INTERVAL MEASUREMENTS FOR 
SIGNAL -TO-NOISE RATIO OF >20 dB WITHIN A 
4 kHz BANDWIDTH, I.E. NOISE GENERATOR OFF 



Standard Deviation 0.4046 
100 Percent Correlations 
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FIGURE 4-12 


DISTRIBUTION OF TIME INTERVAL MEASUREMENTS 
FOR A SIGNAL-TO-NOISE RATIO OF 18 dB 
WITHIN A 4 kHz BANDWIDTH 



Time Interval in Microseconds 


Standard Deviation 0.4046 
100 Percent Correlations 
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FIGURE 4-13 


DISTRIBUTION OF TIME INTERVAL MEASUREMENTS 
FOR A SIGNAL-TO- NOISE RATIO OF 14 dB 
WITHIN A 4 kHz BANDWIDTH 



Time Interval Measurement in Microseconds 


Standard Deviation 0.8192 
100 Percent Correlations 
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Number of Observations 


FIGURE 4-14 


DISTRIBUTION OF TIME INTERVAL MEASUREMENTS 
FOR A SIGNAL-TO-NOISE RATIO OF 10 dB 
WITHIN A 4 kHz BANDWIDTH 



Time Interval Measurement in Microseconds 


Standard Deviation 1.283 
100 Percent Correlations 


FIGURE 4-15 


DISTRIBUTION OF TIME INTERVAL MEASUREMENT 
FOR A SIGNAL-TO-NOISE RATIO OF 6 dB 
WITHIN A 4 kHz BANDWIDTH 



Standard Deviation 2.003 
90 Percent Correlations 
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4-22 


Standard Deviation 2.951 
74 Percent Correlations 
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The digital phase lock loop has a bandwidth of approximately 5 Hz resulting 
in a 30:1 improvement on the signal- to-noise ratio at the output of the 4 kHz 
low pass filter. If signal-to-noise ratios of 0 dB and greater within a 4 
kHz bandwidth are considered, then the expression 


a 


1 

S/2 


is valid. This is applicable since the equivalent signal-to-noise ratio with- 
in the loop bandwidth is > 30 dB (ratio of 30:1) which is much greater than 1. 
The dashed curve was generated by calculating the standard deviation as a 
function of signal-to-noise ratio using the expression 


1 

CT = 

S/2 

radians and converting to microseconds via the relationship 


1 rad = degrees 

and one period of a 2.4414 kHz waveform is equal to 409 microseconds. There- 
fore 


or 


a 


— — radians x 

Sj2 


180 degrees 409 microseconds 
tt radians X 360 degrees 


<7 


46 

S 


microseconds 


A comparison of these curves indicates a possible 3:1 improvement in accuracy. 


Interrogation Response Rate 

Many thousands of interrogations were made to ranging transponders during 
the experiment. The usual interrogation rate was once each three seconds al- 
though an interrogation rate of once each two seconds was also used successfully. 
During some interrogation periods, the transponders replied on nearly every in- 
terrogation but during some periods the interrogation rate was lower than would 
be acceptable in an operational system. There were several factors that con- 
tributed to lower response rates, some of them deliberately designed into the 
experiment to study propagation effects, and some factors that suggest pre- 
cautions that must be taken in the design of a ranging system. 

The poorest propagation link was usually the one from the satellite to 
the transponder. Irregularly shaped antenna patterns, Faraday rotation, and 
sea reflections sometimes caused the signal level into the vehicle transponder 
to drop below the detection threshold. Signal amplitude scintillation due to 
the ionosphere occurred infrequently but was observed. Scintillation causes 
amplitude fading over a large range at VHF and can cause the signal to fall 
below the detection threshold. 
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The Sea Robin buoy was interrogated a total of 2525 times during the 
periods of April 14 through 25, 1969 and May 9 and 10, 1969. One thousand 
seven hundred eleven responses were received at the Observatory. Of these, 

860 resulted in successful range ne asurements . The design of the experiment 
caused a deliberate reduction in the response rate in order to observe the 
effects of Faraday rotation. Interrogation periods were three minutes long. 
The best receive polarization for the buoy was selected just prior to the 
three minute interrogation period and that receive polarization at the buoy 
was used throughout the entire test period. The responses from the buoy 
during the first minute and one-half were of the same polarization as the 
receiver but during the second minute and one-half they were transmitted with 
the orthogonal polarization. Since the up-link and down-link paths are at 
different frequencies and Faraday rotation varies as I/f 2 , the preferred 
orientation of linearly polarized antennas can be different at the two fre- 
quencies. During that period of the experiment the ground terminal antenna 
had vertical or horizontal polarization but the polarization was the same 
for both transmission and reception. At a later time the ground terminal 
was arranged for independent selection on a transmission and reception. The 
effects of Faraday rotation were evident in these experiments because signal 
levels were often much better when different polarizations were used for 
transmission and reception. If the satellite were circularly polarized the 
response rate would' be improved by reducing the effects of Faraday rotation. 

Signals reflected from the sea combined with the direct signal from the 
satellite to enhance or reduce the signal level into the antenna. When the 
direct and reflected signals arrive in phase, the signal level can be as much 
as 3 dB stronger than the direct signal alone, but when they arrive out of 
phase they tend to cancel and the signal level may drop below the detection 
threshold. For a vehicle with an antenna a few wavelengths above the sea 
surface, as on a ship or the Sea Robin buoy, the effect is to produce an an- 
tenna pattern with lobes representing good signal reception alternating 
with nulls in the vertical plane. As the sea surface tilts and the antenna 
moves due to the action of the waves, the lobe pattern moves in elevation 
angle to cause an alternate enhancement and cancellation of the received 
signal. In the experiment the transmitted and received wavelengths were 
different, making the lobe patterns different for reception and transmission. 

A successful interrogation occurred when the lobe patterns permitted adequate 
signal strengths on both the up and down links. Tone-code ranging requires a 
signal duration shorter than the roll period of a buoy or ship and therefore 
a successful interrogation can be made except when a null in the pattern is 
directed toward the satellite. Other techniques that require longer signal 
transmissions for range measurement may suffer greater deterioration due to 
the rolling of the craft. The effect of sea reflection can be minimized by 
the use of circular polarization on the satellite and the craft, if the ele- 
vation angle to the satellite is above the Brewster angle. Then the rotation 

sense of the reflected signal is reversed, its amplitude is reduced relative 

to the direct signal and the depth of the nulls is reduced. 

Sea reflections affect received signal amplitude in aircraft much as 
they do in ships. Because of the higher altitude, the nulls are very closely 
spaced in elevation and aircraft can fly for several seconds in straight and 
level flight if the satellite is abeam, but if the aircraft is flying towards 

or away from the satellite or climbing or descending it passes through the 

interference pattern quickly and rapid fading of the signal may be experienced 
An antenna pattern designed to discriminate against the reflected signal can 
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reduce or nearly eliminate the effect. The use of circular polarization on 
the satellite and aircraft would be helpful. 

Lower response rates were experienced in aircraft when using the VHF 
blade antenna than when using the Satcom antenna, due in part to sea reflec- 
tions, but also to the poor azimuth and elevation pattern characteristics of 
the VHF blade. During some periods of flight the response rate approached 
100 percent for the aircraft when the Satcom antenna was in use. In certain 
flight directions using the VHF blade antenna, the response rate was as low 
as 10 or 20 percent, especially when the aircraft was in a noisy environment 
as when flying in, the vicinity of thunder storms. 

The mast and other structures of the Valiant and Rush had a large effect 
on the pattern of the omnidirectional antennas. When the low gain circularly 
polarized antenna had a clear view in the direction of the satellites, the 
interrogation response rate was nearly 100 percent. When the mast was be- 
tween the satellite and the antenna, the response rate dropped to below 50 
percent. 

Scintillation in the reception of a VHF signal from a satellite results 
from focusing of the signals due to horizontal gradients of electron density 
in the ionosphere. The columnar electron content seldom varies more than two 
percent, so the gradients have very little effect on the propagation delay 
time and therefore do not significantly affect the accuracy of range measure- 
ments. However, the focusing of the energy causes the signal strength to be 
high at some points on the ground and low at other points. Because the den- 
sity variations move horizontally, the signal strength observed at a fixed 
point may vary from a strong enhancement to almost complete cancellation. 

The fading periods vary from seconds to minutes. The signal level may fall 
below the detection threshold for periods on the order of a few seconds. The 
proportion of time that the signal is below the threshold is in part a func- 
tion of the fading margin designed into the propagation links, but it would 
not be practical to allow sufficient margin to guarantee 100 percent response 
at VHF frequencies. The effect is smaller at higher frequencies. Scintilla- 
tion is experienced at high latitudes more frequently than at mid-latitudes. 

The effect on a ranging system need not be serious if the ranging techniques 
require short interrogation periods, although it may require that a user be 
interrogated more than once during the times when scintillation is present 
in order to insure that a response is obtained. 

The transmission links from ATS to the experimental transponders were 
considered to be marginal. However, it is concluded from the experiments 
that modest design changes would insure reliable performance at VHF. These 
design changes would include the use of circular polarization on the satellite 
and more suitable design of the antennas on the mobile vehicles. While greater 
effective radiated power from the satellite would be desirable, it would pro- 
bably not be necessary. 

An occasional false correlation was experienced in the mobile craft, and 
at the terminal. Under noisy conditions false correlations were observed more 
than one percent of the time. A one percent false correlation rate would not 
be acceptable in a system involving a large number of user craft, for there 
would be frequent transmissions from craft that were not interrogated, thus, 
tending to increase interference on the transmission links. Several simple 
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measures are now apparent that would improve the design of the codes and in- 
sure an acceptably low rate of false interrogations. These improvements in- 
clude the use of phase reversal modulation in the codes to improve the signal- 
to-noise ratio by 3 dB and gating to insure that the correlators search only 
for the code and are not activated by noise during periods when code trans- 
missions are not being received. 


Range Precision on the Satellite Links 

Measurements of ranging precision on the satellite transmission links con- 
firmed the laboratory tests of equipment performance. Range measurement pre- 
cision was determined from the scatter of many independent range measurements 
made in sequence. The satellite changes in range, so a "best-fit 11 curve to the 
data was computed to compensate for the changing range. If the range to the 
satellite were not changing, the average value of the measurements would be 
used. The displacement of each independent range measurement from the best 
fit curve is computed, and also the standard deviation of the measurements 
from the curve. Figure 4-18 and Figure 4-19 present histograms of the displace- 
ments of range measurements from best fit curves. Each dot is an independent 
range measurement. Figure 4-18 is from the Observatory to ATS-3 and return; 
Figure 4-19 is from the Observatory through ATS-3 to a transponder and return. 
The scatter of the range measurements to the transponder is larger than to the 
satellite because more transmission links and electronic circuits are involved. 
It is evident that the standard deviations are much less than 1 microsecond. 
Averaging a number of readings would probably achieve a ranging precision of 
approximately ±0.1 microsecond, or 50 feet. The largest individual displace- 
ments are 1.1 microsecond. All of the measurements were included in the histo- 
grams . 

Ranging measurements were made from Schenectady to ATS-1 for half-hour 
periods, 11:15:00 to 11:45:00 GMT on the mornings of October 31 and November 1, 
1970. ATS-1 is less than 2 degrees above the western horizon for the Observa- 
tory at Schenectady. The test provided an excellent measure of the ranging 
precision for the tone-code signal parameters used in the experiment. The 
standard deviation of the difference between the computed and measured slant 
ranges for 593 measurements made on October 31 was found to be 0.298 micro- 
second, and for 596 measurements made on November 2, 0,434 microsecond. In- 
terrogations were made each 3 seconds during the half-hour periods and every 
interrogation provided a range measurement that was included in the computation 
of the standard deviation. The standard deviation represents two-way, one sigma 
ranging resolutions of 150 and 215 feet. 

Tables 4-2 and 4-3 show the first few minutes of the computer print-outs 
for the half-hour interrogation periods. Reading a data line from left to 
right., the first column, 0, is the user identification for the data print-out; 
in this case, the Observatory, The second column is the date. The third column 
is the time in Greenwich Mean Time. The fourth column identifies the satellite. 
The fifth column is the difference between the measured slant range and the 
computed slant range from the NASA prediction of the satellite position. The 
sixth column represents the ground transponder that was interrogated on that 
interrogation. WASH stands for Washington (Seattle); ICE9 stands for Iceland. 
None of the data in this particular print-out pertains to those users. The 
column on the right is the computed slant range from the satellite to the Ob- 
servatory expressed in tlie number of microseconds two-way propagation time, 
assuming the free space velocity of light. The actual range measurement in 
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FIGURE 4-18 
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FIGURE 4-19 


RANGE MEASUREMENT PRECISION 
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microseconds for any individual interrogation may be determined by adding 77.3 
and the value in column 5 to the computed slant range in the right-hand column. 
The number 77.3 is the total equipment time delay calibration value for the 
Observatory and the satellite. It is listed at the top of the table as FOR 
OBS = 77.3. Each value in column 5 therefore represents the difference between 
the measured range and the sum of the computed slant range and the constant 
equipment time delay. The standard deviations were determined by computing a 
"best-fit" quadratic curve to the values in column 5 and then computing the 
standard deviation of the individual measurements relative to that best-fit 
quadratic curve. 

Each of the tables represents approximately the first 2.5 minutes of the 
half-hour of Tanging data. 


Comparison of Two Receiver-Correlators 

Two receiver-correlator systems were used in an experiment to compare the 
differences in range measurements when the same signals are received by similar 
but different equipments. One receiver-correlator was connected to the 30 foot 
dish which has 20 dB gain. The other receiver-correlator was attached to a 
helical antenna with 10 dB gain for the signals received from ATS-3. Range 
measurements from ATS-3 to Gander, Shannon and to an aircraft in flight over 
the North Atlantic were received by both correlators and their independently 
derived measurements were compared. The results provide information on the 
performance of the narrow bandwidth tone-code ranging equipment for strong 
signals and for signals that have a poor signal-to-noise ratio. The test was 
conducted to yield information on the relative scatter due to signal-to-noise 
ratio and multipath. 

There is a bias difference between the two receiver-correlators because 
of the different time delay through the antenna cables and electronic circuits. 
Figure 4-20 represents histograms of the time delay difference between the two 
receiver-correlators for the Shannon, Gander, and aircraft returns while the 
aircraft was in flight over Ocean Station Alpha at 17,000 feet. There are 
more data points for the aircraft because the automatically repeated sequence 
was eight aircraft interrogations, one Gander, and one Shannon interrogation. 
The interrogation rate was one each three seconds. There were short interrup- 
tions for voice exchanges. 

The bias difference is estimated to be 15.4 microseconds for the aircraft, 
15.8 microseconds for Gander and Shannon. The bias difference is attributed to 
a difference in time delay with average signal amplitude. Gander and Shannon 
have consistently strong returns, while the average signal level of the air- 
craft returns is lower than for ground terminals due to lower antenna gain and 
occasional signal amplitude reduction due to multipath reflections. The two 
receiver-correlators receive different signal levels because of their 10 dB 
difference in antenna gain, hence their delays with average signal level are 
different when one signal is near the detection threshold, the other is not. 

The horizontal dashes in Figures 4-21 and 4-22 are the actual time de- 
lays for individual Gander and Shannon returns as received on the receiver- 
correlator that was connected to the 30 foot parabolic antenna. The tips of 
the vertical lines are the corresponding measurements for the same individual 
returns as measured on the other correlator, but displaced by the 15.8 
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TIME DELAY DIFFERENCE BETWEEN THE TWO RECEIVER -CORRELATORS FOR THE SHANNON, GANDER, AND AIRCRAFT RETURNS 
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TIME DELAY DIFFERENCE - TWO CORRELATORS 
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microsecond bias difference so that individual returns as measured by the two 
correlators can be compared directly. Fix computations take into account the 
actual time delay of each receiver-correlator independently so that they auto- 
matically take out the bias difference. 

Lines representing ± 1 nautical mile range from a "best fit curve" to the 
range measurements are drawn relative to each set of ranging measurements. 

They are included to aid in visualizing the magnitude of the scatter of the 
readings and the significance of the differences between the^correlators. The 
range change is due to satellite motion. As noted elsewhere , the satellite is 
in a slightly inclined synchronous orbit, and traces a figure eight relative 
to the fixed points on the earth' s surface. 

Figure 4-23 indicates the relative effects of noise on the return path 
from the aircraft through the satellite, and the effects of multipath on the 
links to and from the aircraft. The combined effects of phase error and noise 
on the path to the aircraft, and the effect of phase error on the return path 
from the aircraft affect both correlators in the same way, causing equal range 
measurement errors on both correlators. The effect of signal cancellation at 
the satellite, due to multipath reflection interference on the return path, 
reduces the signal at the two Observatory receivers, and since their noise 
components are independent, the part of the range measurement errors that are 
due to that cause are independent. Except for a few measurements, the range 
measurement errors for the two receiver-correlators are in close agreement. 

The multipath effect can be reduced by aircraft antenna designs that pro- 
vide good discrimination against sea reflections. 

The data on the comparison of the two receiver-correlators may be of in- 
terest in evaluating the use of all tone ranging systems. The period of a 
tone cycle used in the test was 409 microseconds. The result indicates that 
the usual prediction of one to three degree phase measurement precision for 
tone ranging is a conservative estimate. 
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SECTION 5 


FACTORS THAT AFFECT ACCURACY 


The important factors that contribute to position fix accuracy when rang- 
ing from pairs of satellites are the following: 

• Ionospheric Propagation Delay 

• Satellite Position Uncertainty 

• Sea Reflection Multipath 

• Equipment Time Delay Uncertainty 

• Noise Added to the Ranging Signals 

• Fading Due to Factors Such as Ionospheric Scintillation, Spin Modulation, 
and Faraday Rotation 

• Geometrical Dilution of Position 

Some of the factors are random; others contain systematic components that can 
introduce bias errors. The systematic components are in part predictable or 
measurable and therefore can be reduced by calibration. Their contribution 
to the error then is the residual uncertainty after the estimated value of the 
bias component has been removed from the measurement. The individual factors 
are independent. To the extent that they are random, including the residual 
uncertainty in the systematic errors, they may be combined as their root -sum- 
square to estimate their total effect on range measurements. 

Although the factors contributing to each range measurement may be random 
they may not be independent for ,the two satellites. Some factors may affect 
the range measurements to the satellites equally and thus introduce a position 
fix error which is displaced along a hyperbolic line of position (Page 7-15), 
The geometry of the satellites, the earth and the location of the user craft 
on the earth may result in the displacement of fixes which are not equally 
probable in all directions. 

Each of the factors is discussed in this section of the report. 


Ionospheric Propagation Delay 

Measurement and evaluation of this important contribution to position fix 
error were major objectives of the experimental program. Section 11 of the re- 
port is devoted to a discussion of the effect and the results of the iono- 
spheric propagation measurements. 

Radio waves pass through the ionosphere more slowly than the free space 
velocity of light. As a consequence, a radio range measurement, which is al- 
ways a propagation time measurement, is in error if the free space velocity of 
light is assumed in converting propagation time to range. The magnitude of 
the propagation time in the ionosphere is inversely proportional to f^. It is 
therefore an important factor that must be considered in satellite range mea- 
surements at VHF. It is of little importance at L-band. 

Range measurements from satellites to transponders on or near the earth's 
surface involve the round trip propagation of the radio signal and therefore 
two trips through the ionosphere. If the up and down link frequencies are both 
at VHF, the two-way propagation delay may be as large as 10-15 microseconds 
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during mid-day at the location where the signal passes through the ionosphere 
and at night the delay may be approximately 2-4 microseconds. In two-way rang- 
ing one microsecond of propagation time represents a range change of 491 feet. 

Ionospheric delay has a diurnal variation and also seasonal changes and an 
11 year cycle corresponding to the sunspot cycle. The cyclic changes are in 
part predictable. However, solar flares which are associated with high sunspot 
activity cause variations which may depart by 2:1 from the average of the cyclic 
variation. 

The earth's magnetic field affects the geographical distribution of the 
free electron content within the ionosphere and in some regions of the earth, 
especially in the tropical and high latitude regions, the ionospheric delay is 
less predictable than at mid latitudes. 

An error in the estimate of the ionosphere delay of 1 microsecond will re- 
sult in a ranging error of 491 feet. The projection of the error on the earth 
is usually larger than the range measurement error and if similar errors occur 
on both satellite range measurements, the position fix error m^y be larger 
than the line of position error. 

There are two ways of correcting for ionospheric propagation error. One 
is the use of models based on data collected over long periods of time. The 
usefulness of the model depends upon the day-to-day correlation of the iono- 
sphere. This method was used in most of the position fix determinations in 
the experimental program and was found to be adequate for the determination of 
position fixes within 1 runi. , 1 sigma. v _The other way to correct for iono- 
spheric measurements in real time is by the use of ionospheric sounders or, 
perhaps better, by the use of fixed ground reference calibration transponders 
similar to the mobile vehicle transponders. Range measurements to fixed trans- 
ponders can provide real time measurements of ionospheric delay. The useful- 
ness of the reference transponders depends upon the correlation of the iono- 
sphere delay over a large geographical region. The experimental results indi- 
cate the mid- latitude ionosphere corrections derived from ranging measurements 
to a ground reference transponder will provide range corrections within 3 
microseconds for a region of a thousand mile radius around the transponder at 
the times of day when correlation is the poorest. No measurements were obtained 
when the ionosphere was severely disturbed by solar flare activity. 


Satellite Position Uncertainty 

Position location by range measurements from satellites requires that the 
satellite positions be known because the satellites themselves are the refer- 
ences for the position determination. A transponder on or near the earth's 
surface is located at the intersection of three spheres. Two of the spheres 
are centered at the satellite locations and have radii equal to the measured 
ranges from the satellites to the transponder. The third sphere is centered 
at the earth's center and has a radius equal to the earth's local radius plus 
the altitude of the transponder above the earth. There are two intersections 
for the three spheres. When geostationary satellites are used, one of the in- 
tersections is in the northern and one in the southern hemisphere. 

A range measurement from one satellite determines a circle of position on 
the earth. The circle of position is the intersection of two spheres, the 
earth centered sphere with a radius equal to the earth* s radius plus the 
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altitude of the craft and the sphere centered at the satellite and having a 
radius equal to the measured range. It may be different from the true circle 
of position. The true circle is centered about the line that connects the 
actual position of the satellite and the earth's center. That line passes 
through the earth's surface at a point defined as the subsatellite point. The 
subsatellite point is the center of the circle of position that passes through 
the actual location of the user. 

If the position of the satellite is not known accurately and a wrong posi- 
tion is assumed for it, the computed circle of position on the earth will have 
a displacement in latitude and longitude corresponding to the error in the as- 
sumed position of the satellite, and an error in radius that is a function of 
the error in the assumed altitude, or earth center distance, of the satellite. 

Satellite positions used in the position fix determinations throughout the 
experiment were derived from NASA acquisition tables. The tables state the 
satellite's position in latitude, longitude and earth center distance. Values 
are given at each half hour. The positions are predictions based on tracking 
data taken on specific epoch dates. The epoch date is the day on which range 
and range rate tracking measurements were made at C-band, which is not signifi- 
cantly affected by the ionosphere, from ground stations at Rosman, N. C. and 
Mojave, California, The epoch dates are separated at intervals of approximately 
two weeks. The positions given in the acquisition table for any day are pre- 
dictions based on the most recent tracking epoch date. 

The computation of a line of position or a position fix based on range 
measurements from satellites requires the positions of the satellites at the 
time when the range measurements were made. The LATCOM and POSFIX programs 
included a third order interpolation for satellite positions based on four 
sequential half-hourly predictions from the NASA acquisition tables. The reso- 
lution of the interpolation was sufficient to determine a satellite position to 
0.001 degree in latitude and longitude and 0 o 01 of a nautical mile in earth 
center distance, which is the precision of the acquisition table data. 

The error in the satellite position is the difference between the actual 
position of the satellite and the latitude, longitude and earth center distance 
values used in the position determination. An error in latitude and longitude 
for the satellite position in its orbit sphere produces an equal shift in the 
latitude and longitude of the subsatellite point on the earth's surface and a 
corresponding shift in the circle of position on the earth. 

An arc distance displacement on the orbit sphere of the satellite will 
produce approximately one-seventh that arc distance displacement on the earth's 
surface. The angular displacements are equal and the arc distance displacments 
are in the ratio of the earth's radius to the orbit radius. 

An error in the earth' s center distance to the satellite results in a 
change in the radius of the circle of position on the earth. 

A small segment of the circle of the position in the vicinity of the trans- 
ponder is called a line of position and may be approximated by a straight line 
which is perpendicular to the azimuth direction from the transponder to the 
subsatellite point. 

At locations on the earth which are not in the immediate vicinity of the 
subsatellite point, an error in the earth center distance of the satellite will 
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produce an error in the line of position which is the error in earch center 
distance multiplied by the secant of the elevation angle from the transponder 
to the satellite. If the assumed position of the satellite has an earth center 
distance which is greater than the actual earth center distance of the satel- 
lite, the displacement of the line of position will be towards the subsatellite 
point. If the assumed earth center distance to the satellite is less than the 
actual earth center distance, the line of position will be displaced away from 
the subsatellite point. 

NASA acquisition table predictions based on two different tracking epoch 
dates may be compared to illustrate the errors in position determination that 
can result from the use of available satellite position predictions. 

The ATS-1 and ATS-3 satellites are not in perfect geostationary orbits. 

The slight inclination of the orbits cause them to move north and south of the 
equator so that their subsatellite points trace narrow " figure eights" on the 
earth's surface. The period to trace a figure eight is twenty-four hours, the 
orbit period. The satellite may move more than one degree north and south of 
the equator over the twenty-four hour period. The orbits also have some eccen- 
tricity so that the earth center distance changes with a twenty-four hour period 
The ATS-3 satellite was sometimes moved in longitude so that there was a drift 
of a fraction of a degree in longitude each day while the satellite was moved 
between approximately 45 and 80 degrees west longitude. 

The result of all these motions can be range changes on the order of 100 
miles in 12 hours, relative to a point on the earth. The position fixing ex- 
periments are affected by errors of a few hundred feet. Since NASA's primary 
concern with the satellite tracking was for acquisition of the satellites, it 
is not surprising that there were sometimes errors in the NASA predictions that 
were significantly large for the ranging and position fixing experiments. 

The magnitude of the position fix errors that could be caused by errors in 
the satellite position predictions can be illustrated by comparisons based on 
acquisition table predictions for a single time but based on two different 
tracking epoch dates. Examples of the effects are presented in Figures 5-1 and 
5-2. 


An encircled dot is a reference based on the earlier of two epoch date pre- 
dictions for a single time. A cross is the displacement in latitude and longi- 
tude of the subsatellite point based on the later tracking epoch date prediction 
The dot in the triangle represents the displacement of the line of position from 
the subsatellite point because of the difference in the earth center distance 
based on the later tracking epoch date as compared with the earlier epoch date. 
The displacement of the subsatellite point is true for all of the circles of 
position, but the displacement of the triangle and the line of position repre- 
sents a specific example because the direction and displacement of the line of 
position depends upon the azimuth and elevation angles to the satellite from 
the transponder that is to be located. 

The effect of the diurnal change in the disagreement between the two track- 
ing epoch dates is apparent in Figure 5-1. The predictions are from the ac- 
quisition table predictions for ATS-3. The difference in distance and direction 
between the encircled dot and the cross for 0000 GMT is the difference in lati- 
tude and longitude of the satellite predictions for 0000 GMT on November 8 based 
on the two tracking epoch dates, October 23, 1970 and November 8, 1970. Simi- 
larly, the distance and direction between the encircled dot and the cross 
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FIGURE 5-1 
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representing the 0600 GMT subsatellite point is the difference in latitude and 
longitude of the two-satellite predictions for November 8 , 1970 at 0600 GMT 
based on the October 23 and November 8 epoch dates. The displacements of the 
lines of position are computed for a 35 degree elevation angle to the satel- 
lite and an azimuth angle of 145 degrees. 

Figure 5-2 shows another example in which the disagreement was of larger 
magnitude than in Figure 5-1. The distance and direction between the encircled 
dot and the cross are the disagreement between the latitudes and longitudes for 
the satellite position at 2100 GMT, July 8 , 1970, based on June 13 and July 8 
tracking epochs. The displacement of the line of position from the subsatel- 
lite point is based on the difference in the earth center distance predictions 
for the two dates. The line of position is constructed for the elevation and 
azimuth angles to ATS-3 from the San Francisco area. 

Figures 5-1 and 5-2 present the differences resulting from the disagree- 
ments between the two different predictions for satellite position at the same 
time. The method of plotting is not intended to convey the impression that 
one prediction is right and the other is wrong. We are more confident of the 
prediction at the later date because it is closer to the time of the tracking 
measurement. The earlier one is a long-term prediction from the tracking 
measurements and may have accumulated a larger error. 

Figures 5-1 and 5-2 represent the effects of the prediction error for one 
satellite. Similar prediction errors may exist for the other satellite result- 
ing in displacements of its lines of position. Position fix errors may be 
larger than the displacement of the line of position for either satellite, 
although at some locations on the earth, the errors may tend to cancel. 

The satellite position predictions for ATS-1 and ATS-3 that were avail- 
able during the ranging and position fixing experiment were sometimes in error 
by an amount that would result in position fix errors exceeding one nautical 
mile. 


The fix error due to satellite position error is aggravated if the user 
equipment is calibrated when the actual position of the satellite is different 
than its predicted or assumed position, as illustrated in Figure 5-3. If the 
equipment is calibrated with the user craft at C]_, the measured range to the 
satellite is C^Si. The assumed range, based on satellite position prediction, 
is C]S 2 . The difference in propagation time, At, corresponding to the differ- 
ence in ranges, - C 3 S 2 , i- s added to the assumed equipment time delay in 

the calibration process. The equipment time delay calibration is then in error 
at At because the satellite was actually at S]_ but was believed to be at S 2 
when the equipment was calibrated. 

Approximately six hours later, with the craft at C 2 and the satellite at 
S 3 , the satellite assumed position is S4. The actual range is C 2 S 3 . The 
equipment time delay calibration error, At, is subtracted from the measurement, 
resulting in a range measurement error AR. The satellite is assumed to be at 
Sa, and the range measurement (C 2 S 3 -AR) is used to plot the line-of-posit ion 
of the craft with reference to the assumed position S 4 . The computed position 
of the ship is determined to be on a line-of-posit ion through C 3 instead of 
its actual line-of-position, through 03 . 

If the craft remained at C 3 , the lines of position would go through a 
diurnal change reflecting the diurnal change in satellite position error rela- 
tive to C 3 . 
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FIGURE 5-3 

LINE OF POSITION ERROR DUE TO EQUIPMENT CALIBRATION ERROR 
RESULTING FROM SATELLITE POSITION PREDICTION ERROR 


(Not to Scale) 
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Twenty-four hours after the calibration, with the satellite back at 
and assumed to be at S 2 , lines of position for the craft would be correct 
again if the craft were near position C^. 

Bias errors in position fixes of the Coast Guard Cutter Rush may have 
resulted in part from an error in the prediction of satellite position when 
the transponder was calibrated on May 5. Figure 7-3, Section 7 shows bias 
errors of about one nautical mile for groups of fixes taken at 13:22 GMT on 
May 13, 19:00 GMT on July 10, and 14:00 GMT on July 21. 

Other possible contributions to the bias errors could have been differ- 
ences between the actual ionosphere delay, and the assumed delay based on the 
model in the POSFIX program, or drift in equipment time delay. However, as 
noted on Page 5-6, the uncertainty in satellite position prediction alone 
could produce bias errors larger than those plotted in Figure 7-3. 

More frequent tracking of the satellite would reduce the prediction er- 
rors. The use of ground reference transponders can provide a first order cor- 
rection for satellite position prediction errors in the vicinity of the refer- 
ence transponder as well as for ionospheric propagation delay uncertainty. The 
reference transponders can also be used to correct the range measurements when 
a vehicle transponder is calibrated. These uses of the reference transponder 
techniques were demonstrated in the aircraft location test at the Shannon, 
Ireland bench mark. (Page 6-53) 


Sea Reflection Multipath 

Perhaps the largest effect on fix precision in the test was sea reflection 
multipath. This can be minimized by improved antenna designs, although it may 
remain as the one factor that contributes the largest errors to position fix 
accuracy at VHF. Its effect on overall system performance can be minimized if 
its characteristics are recognized and certain precautions taken in the oper- 
ation of the system. 

As shown in the multipath analysis, later in this section, the distribu- 
tion of errors is centered about a value near zero error. Although an occa- 
sional single measurement may be in error by a large amount, the average error 
for a number of measurements tends toward zero. If the aircraft is interro- 
gated through one satellite and the responses are returned through two satel- 
lites, the multipath error on the link from the satellite to the aircraft, that 
is the interrogating signal, will displace the two returns by the same amount. 
As a consequence a fix determination based on the measurement will have a fix 
error that lies along a hyperbolic line of position. Multipath on the return 
links from the aircraft to the satellites are independent and therefore will 
not tend to cause errors lying along hyperbolic lines of position. However, 
the overall effect of multipath is to produce fix errors that tend to lie along 
a hyperbolic line if interrogations are through one satellite and responses 
through two. 

The accuracy of the VHF system can be improved by taking more than the 
minimum number of position fixes that are required and by relating these posi- 
tion fixes to each other so that the track of the craft can be monitored and 
those occasional fixes that show a large deviation from the expected track can 
be regarded with less credence than the others. If fixes are required on a 
craft at infrequent intervals it would be advantageous to take three or more 
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fixes and compare them to arrive at the accepted value of the position fix. 
Since the largest uncontrollable factor appears to be the sea reflection multi- 
path, surface craft will be less subject to occasional fix errors of large 
magnitude . 

The June 12 flight from Joliet to Omaha via Minneapolis was a test of 
two satellite position fixing performance over land. It was the first test 
made with an aircraft in flight where the elevation angles from both satel- 
lites to the aircraft were high enough to correspond with the minimum eleva- 
tion angles that would be used in an operational system, although the path 
from ATS-1 to the Observatory which influences the accuracy of the system was 
much below the elevation angle expected for an operational system. The signal- 
to-noise ratio at the aircraft receiver was poor because the aircraft was 
flying in the vicinity of thunder storms. As a result, the link performance 
was worse than that of the following day when the aircraft was in the same 
geographical area. All three antenna modes were tested: the horizon and 

zenith modes of the Satcom antenna, and the VHF blade. Interrogations were 
made through ATS-1 as well as through ATS-3. Although the link performance 
was marginal throughout most of the tests, the accuracy of the position fix 
measurements made were not significantly different from the results obtained 
under good signal conditions the following day. 

The June 20 flight test was made to evaluate the precision of ranging 
measurements through ATS-3 to a high performance jet aircraft on the North 
Atlantic principal routes. The KC-135 aircraft flew at 39,000 feet. The 
blade antenna was used throughout the test so that the effects of multipath 
combined with ranging fluctuations due to low signal-to-noise and receiver 
delay characteristics to produce scatter in the readings. Standard deviation 
of the measurements varied from approximately 8 microseconds to 11 micro- 
seconds. A histogram of all the range measurements is plotted in Figure 5-4. 
The envelope of the histogram suggests the shape of range error probability 
distribution that could be obtained by convolving a curve like one of the 
dashed line curves in Figure 5-11 of the multipath analysis that follows 
later in this section. The limits of the convolved curve would be double the 
limits of a one-way ranging curve as shown in Figure 5-5. The histogram shows 
a maximum deviation range measurement in the long direction which is approxi- 
mately twice that of the largest deviation in the short direction. The lower 
scale shows the approximately cross-track error if the range measurements are 
projected on the earth for a satellite having an elevation angle of 25 degrees. 
It indicates the precision of cross- track monitoring that would be achieved 
for a satellite at mid-ocean longitude while monitoring cross- track positions 
of aircraft flying at maximum altitudes on North Atlantic routes with signal 
conditions like those of the experiment. It is expected that an operational 
system would have stronger signals, antennas with better discrimination against 
multipath than the VHF blade, and better ground station receiver characteris- 
tics than were used in the experiment. Nevertheless, the experimental result., 
as it stands appears to have sufficient precision for useful cross-track sur- 
veillance . 

Range error due to sea reflection multipath is a function of the relative 
amplitudes of the reflected and direct signals, the delay of the reflected 
signal behind the direct signal, and the radio frequency phase difference be- 
tween the direct and reflected signals. As an aircraft flies through a dis- 
tance such that the radio frequency path length difference of the direct and 
reflected signals changes by one wavelength at the radio frequency, the one- 
way range error due to specular sea reflection will vary in a manner typified 
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RANGE MEASUREMENT DEVIATIONS 
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Nautical Miles 

Approximate Cross-Track Error, North Atlontic Routes 


RANGE ERROR DUE TO SPECULAR SEA REFLECTION (ONE-WAY) 


03 

T3 

C 

O 

O 

0) 

03 

o 


8P 






O O VO 4 

CM vO CM o 

t— 4 

I III 



cd 

3 


5-11 


Pathlength Difference Change 


by one of the curves in Figure 5-5. The aircraft may fly a considerable dis- 
tance in straight and level flight to change the path length difference by one 
wavelength, but the aircraft need only move vertically a few feet to change the 
path length difference by one wavelength at VHF. 

Figure 5-6 depicts the geometry and the time delay of the reflected signal 
behind the direct signal. It is assumed that the satellite is very distant and 
that the earth is flat in the region of the aircraft. Jet aircraft commonly 
fly at altitudes between 29,000 and 41,000 feet. As shown by the curve, the 
time delay of the reflected signal behind the direct signal can be several tens 
of microseconds. The long time delay can cause a considerable phase error in 
the detected audio frequency signal. It should be noted, however, that the 
maximum time delay is shorter than the period of the audio frequency used in 
the experiment, so that there was no ambiguity. 

Figure 5-7 presents phasor relationships with sea reflection present for 
the carrier, the upper and lower sidebands of a narrowband frequency modulated 
signal, or an amplitude modulated signal. The carrier and the sidebands may 
each be considered as a single radio frequency which is continuous for the 
period of the synchronizing signal tone burst. The three signals are coherently 
related and separated in frequency by the modulating audio frequency. 

We are interested only in the phase distortion caused by the sea reflec- 
tion; and therefore, we have shown the direct signals all at the same reference 
phase. The radio frequencies of the carrier and the sidebands are slightly 
different, but the time delay for the reflected signals is the same for all. 

The phase displacement of the delayed carrier behind the direct carrier signal 
becomes greater as the time delay becomes greater. Because the lower sideband 
is at a lower frequency, the delayed lower sideband is not displaced in phase 
as much as the carrier; whereas the upper sideband, because it is at a higher 
frequency than the carrier, is advanced farther in phase than the carrier. 

Their displacements from the delayed carrier phase are of the same magnitude, 
but in opposite directions. 

The phasor resultants that are illustrated by the phasors with large 
arrow-heads in the figure represent the actual carrier and sideband components 
that are present at the input to the receiver. They are different in their 
relative phases and amplitudes from the signal components that would be present 
if there were no sea or ground reflection. 

Figure 5-8 illustrates the effect on one of the signal components, the 
carrier or either sideband, as the aircraft moves through a distance and 
direction such that there is a change of one radio frequency wavelength be- 
tween the direct signal and reflected signal path lengths. As this change 
occurs, the reflected signal component makes 360 degrees of phase change rela- 
tive to the direct signal. In the figure, a circle represents the tip of the 
rotating reflected signal phasor relative to the direct signal phasor. The 
upper diagram shows the relationship for a relative signal amplitude of 0.25; 
that is, the amplitude of the reflected signal is one- fourth the amplitude of 
the direct signal. In the lower figure, the reflected signal is 0.75 times 
the direct signal amplitude. The dashed phasors represent the resultants for 
several points during the rotation of the reflected signal relative to the 
direct signal. It will be noted that the amplitude of the resultant phasor 
changes and that its phase relative to the direct signal also changes. The 
larger the ratio of the reflected to direct signal, the larger is the relative 
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FIGURE 5-6 


GEOMETRY AND TIME DELAY OF REFLECTED SIGNAL 




Multiply ordinate value by aircraft altitude in thousands of 
feet to determine reflected signal delay in microseconds. 
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FIGURE 5-7 
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EFFECT OF AMPLITUDE CHANGE ON PHASOR RESULTANT 
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phase change. It is also important to note that the phase change of the re- 
sultant relative to the direct signal is not sinusoidal, but changes rather 
slowly when the reflected and direct signals are in phase, and changes very 
rapidly when they are out of phase. 

Figure 5-9 presents the phase displacement of the phasor resultant rela- 
tive to the direct signal phase for four different amplitude ratios as the 
relative path lengths change by one wavelength. 

Figure 5 -10 compares the phase changes of the carrier and the two side- 
bands as the difference in path length changes by one wavelength at the radio 
frequency. Referring to Figure 5-7, the Phasor Relationships with Sea Reflec- 
tion, it is apparent that the pattern of phase displacement for the carrier 
and the sidebands is shifted by an amount proportional to the time delay of 
the reflected signal behind the direct signal. For one RF path length change, 
we may ignore the fact that the sideband delayed signal phasors as depicted in 
Figure 5-8 do not make exactly one rotation relative to the direct signals if 
the carrier does make exactly one rotation. It is, however, this very small 
difference that accumulates over many wavelengths difference in path length to 
produce the phase displacements when the delay of the reflected signal in- 
creases to significant values. 

When the carrier and two sidebands of a frequency modulation signal dis- 
torted by sea reflection multipath are applied to a frequency discriminator, 
the detected audio frequency signal is displaced in phase from the phase it 
would have without multipath as shown in Figure 5-5, where phase error is 
plotted as a ranging time error for a specified tone frequency and reflected 
signal delay. The range error depends upon the ratio of the reflected signal 
amplitude to direct signal amplitude, the radio frequency phase difference 
between the direct and reflected signals, and the time delay of the reflected 
signal behind the direct signal. If the reflected signal amplitude is nearly 
equal to the direct signal amplitude, the one-way range error due to specular 
sea reflection varies from approximately one-half the delay time less than 
the true ranging time value to approximately two times greater than the delay 
time. The largest error tends to be eliminated because it occurs when the 
radio frequency signals arrive out of phase, the received signal strength 
tends towards zero and may not be detected. 

The range error probability distribution is depicted in Figure 5-11. 

The solid line curve was calculated from the computed results of the 0.1 ampli- 
tude curve of Figure 5-5. The dashed line curves have limits that were com- 
puted, but their exact shape is approximated. The area under each curve 
represents unity probability. Although it was not proven by rigorous mathe- 
matical analysis, examination of the computed curves suggests that the proba- 
bility of a range error being longer than the true value is equal to the 
probability that it is shorter than the true value. The magnitudes of the 
errors in the long direction can be larger than the magnitudes of the errors 
in the short direction, but their probability of occurrence is lower. The 
average error for a large number of range measurements tends towards zero 
error in the presence of specular sea reflection. 

The down-link and up-iink frequencies for the ATS ranging and position 
fixing experiment were different, being 135.6 MHz on the down-link and 149.22 
MHz on the up-link. Sea reflection multipath can affect both links. Because 
of the very large number of RF wavelengths between the satellite and the air- 
craft, the radio frequency phase differences on the two paths are independent 
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PHASE DISPLACEMENT, 


FIGURE 5-9 


DISPLACEMENT OF SIGNAL PHASOR DUE TO SEA REFLECTION 
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FIGURE 5-10 


PHASE CHANGE FOR 360 DEGREE (RF) PATHLENGTH 
CHANGE, DIRECT AND REFLECTED SIGNALS 
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and therefore the total effect of sea reflections on the two paths must be 
determined by convolving the range error probability distribution for the 
one-way path, shown in Figure 5-11. The result of the convolution is depicted 
in Figure 5-12 for the case of an amplitude ratio equal to 0.1, The convolu- 
tion extends the limits to twice the limits of the one-way ranging curves with 
equal probabilities of errors in the long or short range directions. The 
maximum error expected in the short direction is less than the maximum error 
in the long direction. Maximum erros expected for the 0.25 amplitude ratio 
dashed line of Figure 5-11 would be approximately -10 and +16 microseconds, 
and for the 0.5 amplitude ratio, approximately -16.5 and +36 microseconds. 

Experimental variations in range measurement are due to many factors, 
including signal-to-noise ratio, equipment time delay variations as a function 
of signal amplitude, and diffuse multipath effects as well as the specular 
multipath effects that were considered in the foregoing analysis. Some of the 
data obtained on over-water flights were examined to see if the effects could 
be observed. Time delay was plotted as a function of time for some of the 
over-water flights. In some cases, a cyclic pattern of range variation about 
the mean suggested the shape of the curve shown in Figure 5-5. An example is 
the plot of a portion of the June 13 DC-6B flight, shown in Figure 5-13. The 
DC-6B craft was at 21,000 feet over Lake Michigan using the horizon mode 
antenna. A portion of these data, extending over a period longer than the 
2.5 minute period of Figure 5-13, was plotted as a histogram and is presented 
in the lower portion of Figure 5-12. While it cannot be concluded that the 
envelope shape of the histogram is the result of sea reflection multipath, it 
is interesting to compare it with Figure 5-12. The corresponding histogram 
for the responses through ATS-1 is also plotted, but no significance is at- 
tached to its envelope shape. 

Range measurements from ATS -3 to the KC-135 aircraft over the North 
Atlantic at 39,000 feet are plotted as a histogram in Figure 5-4. The envelope 
of the histogram suggests the shape of a distribution curve for two-way ranging 
that would result from convolving one of the dashed line curves of Figure 5-11. 
The limits of the experimental data are -21 and +44 microseconds, with compara- 
tively few measurements near the largest, longer range values. The aircraft 
was using a VHF blade antenna that is sensitive to sea reflections. 

Multipath errors are expected to increase with the altitude of the air- 
craft if the elevation angle to the satellite does not change. During the 
June 6 flight off the coast of New Jersey, the aircraft flew at 20,000 feet 
and also at 5,000 feet. Histograms of range measurements made at each alti- 
tude are presented in Figure 5-15. Standard deviation of the range measure- 
ments was 2.1 microseconds at 5,000 feet and 3.0 microseconds at 20,000 feet 
for the data samples plotted in the figure. The larger number of points 
plotted for 20,000 feet reflects the longer duration of the data sample. Both 
are believed to be statistically significant so that the standard deviations 
and histograms can be compared directly. 
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RANGE ERROR PROBABILITY DISTRIBUTION 
25 MICROSECONDS DELAY OF REFLECTED SIGNAL 
AMPLITUDE RATIO - 0.1 
TWO-WAY RANGING 
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RANGE MEASUREMENTS FROM ATS -3 
TO A DC- 6 AIRCRAFT AT 21,000 FEET 
OVER LAKE MICHIGAN 

1359180 r (6/13/69) 
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DC -6 OVER LAKE MICHIGAN 
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(HORIZON MODE) 


FIGURE 5-15 


RANGE MEASUREMENT DISTRIBUTIONS 
FOR TWO ALTITUDES OVER OCEAN 
June 6, J.969 


Altitude: 20,000 feet 

Heading: South 

Time: 1345 - 1355 GMT 

Reflected Signal Delay: 26|is 
Standard Deviation: 3ns 


• ••••••••*•••••• 

-10 0 +10 
Microseconds 
Displacement from Mean 


Altitude: 5,000 feet 

Heading : NNE 

Time: 1308 - 1313 GMT 

Reflected Signal Delay: 6.5|is 

Standard Deviation: 2.1jj.s 


-10 0 +10 
Microseconds 
Displacement from Mean 


Aircraft: DC-6B Satellite: ATS-3, Elevation 40° 

Location: Off New Jersey Coast Antenna: Satcom, Zenith Mode 
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Equipment Time Delay Uncertainty 


The range measurement from a satellite to a transponder on or near the 
surface of the earth is based upon the time of the radio signal propagation 
between the satellite and the transponder. The actual measurement includes 
the sum of the propagation time and the time for the signal to propagate 
through the electronic circuits in the satellite, the transponder to be located, 
and the measuring apparatus at the ground station. The equipment time delays 
must be subtracted from the total time interval measurement in order to yield 
the propagation time and therefore the range. 

If the range measurement depends upon the two-way propagation time of the 
signal, a 1 microsecond error in equipment time delay represents an error in 
the range measurement of 491 feet. If one-way range measurements are used, 
the error due to equipment time delay is 982 feet per microsecond. It is 
therefore necessary that the equipment time delay be known to an accuracy com- 
mensurate with the required ranging resolution. 

It is necessary to calibrate the delay of the user transponder after its 
installation on its platform or mobile craft which is to be located. The equip- 
ment time delay is different for each user equipment unless means are taken to 
adjust them all to the same delay. It was found practical in the experimental 
program, and we recommend for any operational system that user time delay be 
calibrated with the user equipment at a known location and the delays stored 
with the user address for computing fixes. This proved to be simple and prac- 
t ical. 

User equipment time delay depends upon the bandwidth, the number of cir- 
cuits and the method of processing the ranging signals within the user trans- 
ponder. Time delays through a radio receiver and transmitter depend upon the 
bandwidth and number of stages through which the signal must propagate. VHF 
receivers with voice bandwidth circuits may have total propagation time delays 
of several hundred microseconds. The amount of delay may vary with signal 
amplitude and with receiver tuning. It may also change with temperature. These 
factors are discussed in Section 4. 

Tone-code ranging involves the matching of the phase of a locally generated 
tone to the phase of a received tone. It is essential that the local tone re- 
tain its phase coherently within the precision required of the system throughout 
the time that the transponder is transmitting its response to the interrogation. 
In the experiment the response was 0.43 second long for all transponders except 
the one that employed the RTA-41B transceiver. That one required a response 
with a duration of 0.86 second. If the oscillator in the transponder is accur- 
ate to one part in 10^, it will not accumulate more than 0.5 microsecond error 
in the time of its zero crossings in one second of time. Long term stability 
of the oscillator is not required. An inexpensive .temperature-compensated 
crystal oscillator was sufficiently stable and accurate so that oscillator 
error was not a significant factor in the experiments. 


Noise Added to Ranging Signals 

Random noise like that generated in the input stage of a radio receiver 
causes a random n jitter" or time fluctuation of the modulated baseband signal. 
Random or white noise is usually the most frequently encountered type of noise 
in VHF ranging signals from satellites. However, interferring signals or radio 
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frequency interference as from electrical machinery can introduce noise com- 
ponents that are not random and may have systematic effects. Although inter- 
ferring signals of this type were occasionally encountered in the experimental 
program, their overall effect was random because they did not often have sig- 
nificant components of the tone frequency. The subject of the effects of noise 
is treated in Section 4. 


Fading Due to Factors such as Ionospheric Scintillation, Spin Modulation and 
Faraday Rotation 

Amplitude fading of the signals can produce ranging errors if they af- 
fect the time delay of the signal through the receiver. The effect can be 
significant with receivers that are not designed to have small time delay 
changes with signal amplitude, but the effects can be minimized by the sub- 
stitution of a balanced limiter when frequency modulation is used to transmit 
the tones or by reduction in time delay as a function of signal amplitude for 
the type of modulation used in a system. 

Fading of the signals tends to reduce the reliability of the transmission 
links and may result in lost interrogations for the ranging system or increased 
bit error rates especially through introduction of burst errors in digital com- 
munications. 

Fading can be due to many causes — Faraday rotation, if linearly polarized 
antennas are used on the satellite; multipath by reflection from the sea or 
ground; ionospheric scintillation fading (Section 11); loss of signal due to 
nulls in the antenna pattern at certain headings of the vehicle; or by spin 
modulation of the satellite. 

ATS-1 and ATS-3 transmitted linearly polarized signals. As linearly 
polarized signals pass through the ionosphere the plane of polarization is 
rotated by an amount that depends upon the electron content along the ray path 
and the direction of propagation relative to the earth's magnetic field. 

Faraday rotation is inversely proportional to the square of the frequency. 
At the VHF frequencies used in the experiment the plane of polarization may ro- 
tate several times as the signal propagates through the ionosphere. 

When the signal is received on a linearly polarized antenna the signal 
strength depends upon the orientation of the receiving antenna relative to the 
plane of polarization. If the electric field of the wave is aligned with the 
antenna the signal is received with full strength but no signal is received if 
the field is oriented at right angles to the antenna. Circularly polarized an- 
tennas will receive a linearly polarized signal at all polarization angles but 
the signal strength is 3 dB below its full amplitude. 

The diurnally changing electron content causes the plane of polarization 
to change through the day. At the VHF frequencies used in the experiment a 
linearly polarized antenna of fixed orientation experiences fades at rates as 
high as approximately once per five minutes after sunrise and during sunset in 
the ionosphere along the ray path and fades at rates of approximately one-half 
to one hour during mid-day and mid-night. Faraday rotation was observed to be 
significantly different on the up link frequency of 149.22 and the down link 
frequency of 135.6 MHz. 
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Loss of signals due to ionospheric scintillation is discussed in Section 
11, due to multipath in Sect. 6 and pg/ 5-8, and due to antenna patterns in 
Section 6. 

ATS-1 and ATS-3 both exhibited detectable fading due to spin modulation 
throughout the period of the experiment. It was not severe enough to degrade 
ranging or communication performance through ATS-1. Most of the time it was 
not significant on the signals from ATS-3. After February 1970 it became so 
pronounced on the ATS-3 signals that it did affect performance. 

Figure 5-16 is a chart recording of received signal amplitude from ATS-3 
on 1/14/71. The fade rate corresponds to the spin rate of the satellite, 100 
fades per minute. The period between fades is 0.6 second. 

The depth of the fade depended on the strength of the up link signal to 
the satellite. When the NASA-Rosman station transmitted with 2 kW through a 
14 dB antenna, the transponder of the satellite was saturated, and fading depth 
was 2-4 dB. When one of the General Electric reference transponders trans- 
mitted with 300 Watts, and an effective antenna gain of 9 dB, the satellite 
transponder was not saturated during the fade, and the depth of fade as re- 
ceived from the satellite was approximately 8 dB. Mobile units, such as the 
aircraft, with lower gain antennas, did not saturate the satellite during any 
part of the spin, and the signal sometimes dropped below the Observatory FM 
receiver detection threshold ^during the fade. 

The cause of the spin modulation was not clearly explained. The satellite 
is cylindrical in shape. It is spin stabilized to maintain the axis of the 
cylinder parallel with the earth 1 s axis. The VHF antenna array comprises 
light monopole elements projecting from one end of the cylinder with the mono- 
poles parallel to the axis of the satellite. The eight monopole elements are 
phased to form a beam directed toward the earth. The width of the beam in the 
earth 1 s equatorial plane is approximately the angle subtended by the earth as 
seen from the satellite. The beam in the orthogonal plane is essentially that 
of a dipole, so that the nominal gain of the antenna is 8 dB. 

Each of the monopoles is driven by a 5 Watt transistor power amplifier, 
for a total of approximately 40 Watts RF radiated power. With the 8 dB gain 
of the antenna array the effective isotropic radiated power toward the earth 
is approximately 200 Watts. 

The relative RF phases at the monopole elements are changed as the satel- 
lite spins to " electronically despin" the antenna and thus keep the beam di- 
rected toward the earth. The antenna must be despun for reception at 149.22 
MHz and for transmission at 135.6 MHz. Reception and transmission are simul- 
taneous . 

The effect of spin modulation is similar to the effect of ionospheric 
scintillation, causing short fades at a fairly rapid rate. Spin modulation 
has a repetitive pattern, while scintillation fading is irregular. Spin modu- 
lation causes fading at a comparable, but higher rate than is usually observed 
for scintillation fading. (Page 11-52) 

The tone-code ranging signals were affected by spin modulation in several 
ways. Some interrogation signals as received by the transponder were broken 
up by the fades. When the first portion of the tone was cut off by a fade, 
the activation of the address code recognizer was delayed so that part or all 
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FIGURE 5-16 


SPIN MODULATION FADING PATTERN 
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of the code was missed. In that case, the transponder did not respond. Simi- 
larly, it would fail to respond if the fade destroyed the code. If the later 
portion of the tone were cut off, noise could reduce the accuracy of the fad- 
ing, and if the code were received, the transponder would respond but with a 
less accurate phase measurement than if the tone were not affected by the 
fade. Transponder returns received at the Observatory were affected by spin 
modulation in ways similar to the transponders. 

The effects of spin modulation were reduced in some of the later tests by 
timing the interrogations so that the spin modulation fades were avoided on 
the interrogation relay by the satellite and also avoided on the response from 
the transponder as relayed by the satellite. An interrogation was transmitted 
every 2.4 seconds, timed to be relayed by the satellite between spin fades. 

The propagation time to the transponder and return occupied the period of the 
fade, so that the transponder 1 s return was also relayed by the satellite, es- 
sentially between fades. 

The effect of spin modulation was measured for a variety of situations, 
as shown in Table 5-1. The interrogation rate was a constant (once every fourth 
cycle of spin, approximately 2.4 seconds). The timing phase of the transmis- 
sions was shifted to determine the results of best and worst case conditions. 
Under a particularly adverse situation, it is possible to have the received 
code occur primarily within the fade window and result in no correlations at 
all. This was demonstrated during the test, but is not indicated in Table 5-1. 
since no range measurements resulted. 

The Observatory used a net gain 9 dB helix for transmitting and receiving 
part of the time, and a net 19 dB parabolic antenna the remainder of the time. 
Output power was approximately 300 Watts into the antenna. The Gander station 
used an identical helix and power amplifier. 

The phase of the transponding station (Gander) was a fixed built-in delay 
and was determined solely by the timing (phase) of the Observatory transmissions. 

TABLE 5-1 

EFFECT OF SPIN MODULATION 


Standard Deviation (Microseconds) 
Condition ; Observatory Gander, Newfoundland 

Poor Phase for Observatory Transmission, 


Fair Phase Gander Return -- Helical Antenna 

2.39 

2.38 

Poor Phase for Observatory Transmission, 

Fair Phase Gander Return -- Parabolic Antenna 

0.61 

0.76 

Good Phase for Observatory Transmission, 
Poor Phase Gander Return -- Helical Antenna 

0.49 

2.27 

Good Phase for Observatory Transmission, 

Poor Phase Gander Return -- Parabolic Antenna 

0.35 

2.08 

Best Compromise for Both Observatory Trans- 
mission, Gander Return -- Helical Antenna 

0.52 

0.73 

Best Compromise for Both Observatory Trans- 
mission, Gander Return -- Parabolic Antenna 

0.37 

0.70 
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Geomet rical Dilution 


An uncertainty in the range measurement projects onto the earth an uncer- 
tainty in the line of position greater than the uncertainty in the measurement. 
The magnitude of this " broadening^' of the line of position is a function of the 
elevation angle to the satellite. 

Figure 5-17 shows these projections for range measurement uncertainty 
and the projection for altitude uncertainty. 

At the subsatellite point, where the elevation angle is 90°, the projection 
for either the range or elevation uncertainty may be approximated by 


6 = E cos 

m r 



where 6 = line of position uncertainty for either range or altitude uncertain- 

m 

ty 

E = earth' s radius 

= measurement uncertainty, radius or altitude 

There is further geometrical dilution in calculating a fix from two lines 
of position. The broadened lines of position intersect at an angle to produce 
a parallelogram of position, as shown in Figure 5-18. 

One-half the longest diagonal of the parallelogram may be taken as the 
probable error of the fix. 

AP = [a 2 + B 2 + 2 AB cos a J 

where A = 6 secant a 
m l 

B = 6 secant a 
m 2 

and a is the angle of intersection of the lines of position, or the difference 
in azimuth angles to the two satellites from the user's location. 

Satellite altitude uncertainty will produce errors very close in value to 
range errors of the same value. 

For calculating position error at the subsatellite point, errors in range 
measurement, user altitude, and satellite altitude should be added directly to 
determine the total Am before applying them to the above equation. The error 
is the projection of their sum rather than the sum of their projections. 

The assumptions in this section are made to simplify the presentation. 

They are valid because: 1) the altitude of the satellite is large compared 
to the earth's radius; 2) the angle subtended by the earth at the satellite is 
not large; and 3) all of the measurement uncertainties are very small compared 
to the earth' s radius. 
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FIGURE 5-17 


GEOMETRICAL DILUTION 
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FIGURE 5-18 

POSITION PARALLELOGRAM 
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SECTION 6 


AIRCRAFT TESTS 


The Federal Aviation Administration furnished the use of two aircraft, a 
DC-6B and a C-135. The DC-6B is a four engine propeller driven aircraft and 
the C-135 is a four engine jet aircraft. 

A tone-code responder was also installed on a Pan American 747 aircraft. 

The DC-6B aircraft was equipped with two antennas. The Dome and Margolin 
DMC33-1 was mounted topside at station 590 on the aircraft. The antenna is 
similar in appearance to a VHF blade antenna except that it has a horizontal 
disc on top. Elements in the vertical and horizontal portions of the antenna 
are combined to provide two circularly polarized operational modes. One mode, 
variously called the horizon, azimuth, or horizontal mode, is nominally omni- 
directional in azimuth and has a vertical coverage pattern from an elevation 
angle of ten degrees to forty degrees. The other mode of the antenna, called 
the zenith mode, covers the solid angle above forty degrees of elevation. Max- 
imum gain in each mode is nominally 3 dB above isotropic. The antenna has 
sufficient bandwidth to cover the ATS up link frequencies, 149.22 MHz, and the 
down link frequency, 135.6 MHz. The Federal Aviation Administration furnished 
the measured receiving antenna patterns for the two modes of the antenna as 
mounted on the DC-6, shown in Figures 6-1 and 6-2. The patterns were made 
where the elevation angle to the satellite was near the upper elevation limit 
for the horizontal mode and the lower limit for the zenith mode. 

The other antenna available on the DC-6B aircraft and the only antenna 
available on the C-135 were VHF blade antennas similar to the conventional 
blade used for, air-to-ground communications except that their upper frequency 
limit was extended to 150 MHz and their transmitter power up to 500 Watts. 

The VHF blade antennas have a vertical linear polarization. 

Transmit antenna patterns for the blade antenna on the DC-6B aircraft and 
for the Dome and Margolin zenith and horizon mode antennas are shown in Figure 
6 -3. The patterns were made by transmitting from the aircraft while it was 
on the ground at the National Aviation Facilities Experimental Center, Atlantic 
City, New Jersey, to the ATS -3 satellite. The changes in received signal at 
Schenectady were recorded as the aircraft was rotated to scan all azimuth 
angles. Transmit antenna patterns were made with the satellite at an eleva- 
tion angle from the aircraft of approximately 41 degrees. 

It is apparent from the antenna pattern recordings that the gain patterns 
are highly dependent upon the heading of the aircraft and that the gain varia- 
tions are large. Only relative gains are shown in Figure 6-3. There were no 
accurate means to measure the gain relative to an isotropic antenna, but the 
values shown are probably not much different than the values that would be re- 
corded relative to a 0 dB isotropic antenna. 

The signal links to and from the aircraft are affected not only by the 
irregular antenna patterns, but also by Faraday rotation that can cause a com- 
plete signal loss in the blade antenna or partial signal loss due to ellip- 
ticity of the polarization of the Dome and Margolin antenna. The signal can 
be further degraded by sea reflection multipath. Many of the tests with the 
aircraft were made in areas where the elevation angle to ATS-1 was very near 
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FIGURE 6-1 


RECEIVING ANTENNA PATTERNS - DC-6 - ZENITH MODE 

Receiving Antenna Pattern, 7/21/70, 19:34:11.1-19:36:24.4 
Dome and Margolin Antenna in Zenith Mode 
Antenna Located Topside at Station 590 on DC-6B Aircraft 
Test Frequency - 135.575 MHz; Elevation Angle to ATS-3 - 44 



*reference only 


FIGURE 6-2 


RECEIVING ANTENNA PATTERNS - DC-6 - HORIZON MODE 

Receiving Antenna Pattern, 7/21/70, 19:32:16.4-19:34:09.2 
Dome and Margolin Antenna in Horizon Mode 
Antenna Located Topside at Station 590 on DC-6B Aircraft 
Test Frequency - 135.575 MHz; Elevation Angle to ATS-3 - 44 



♦reference only 
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0 degrees, placing the satellite outside of the nominal pattern of the Dome 
and Margolin antenna, although that antenna was sometimes used when responses 
were expected through ATS-1. 

For flights near the east coast of the United States, ATS-3 was between 
approximately 40 and 32 degrees elevation angle, depending on the seasonally 
changed longitude of the satellite; and ATS-1 was approximately 0 degrees 
elevation angle, so that the interrogation signals through one satellite 
would be received strongly in the aircraft and a good return through that 
satellite received but a very poor return or none at all through the other 
satellite. The aircraft antenna mode and the satellite for the interrogation 
were sometimes selected to get the most consistent returns through both satel- 
lites. Under these conditions, the interrogating signal into the aircraft was 
frequently poorer than it would have been with another antenna mode, so that 
the signal level into the aircraft receiver was poor resulting in time delay 
variations that displaced fixes along hyperbolic lines of position. 

Two transponder equipments were used with the aircraft. They were inter- 
changed between the aircraft for specific test flights and on some test flights 
both transponders were carried on a single aircraft and used alternately. As 
used in this report, the term " trans ponder” refers to a complete unit including 
a receiver-transmitter with a tone-code responder attached between the receiver 
and transmitter. 

One transponder employed a Bendix type RTA-41B transceiver with an MDA-41 
modem for frequency modulation and a PAA-41A 500 Watt power amplifier. A type 
LNA-41 low noise preamplifier was used ahead of the receiver. A General Elec- 
tric tone-code responder was connected between the transmitter and receiver. 

This unit is identified elsewhere in the report as the Bendix or RTA-41B trans- 
ponder. 

The other transponder employed the General Electric Mastr Progress Line '* y 
type DM-76-LAS mobile radio base station unit, with the tone-code responder 
connected between the transmitter and receiver. The original limiter-discrim- 
inator of the receiver was by-passed with a unit designed to have a smaller 
time delay change with signal amplitude than the original limiter-discriminator. 
The receiver was preceeded by a 144- IP Parks preamplifier and the transmitted 
output amplified by a Gonset model 903 Mark II 350 Watt power amplifier. The 
unit is identical to the ground reference transponders, and is referred to in 
this report as the GE transponder. 

A third aircraft installation was made in a Pan American 747 aircraft. 

A tone-code responder was repackaged to fit in a three-quarter ATR box and 
connected between the receiver and transmitter of one of the two operational 
air-to-ground communication transceivers. All type 747 aircraft built by the 
Boeing Company are equipped with a crossed slot antenna designed for VHF 
satellite communications. Their VHF communications equipment is built in ac- 
cordance with ARINC characteristics 566. At least two of the aircraft have 
flown with a full complement of equipment for VHF satellite communications. 

The General Electric tone-code transponder was carried on one of these aircraft, 
but operating and maintenance schedules for the aircraft frustrated every 
schedule for in-fliglit testing of the unit. One successful two- satellite rang- 
ing test was made to the aircraft while it was on the ground at Kennedy Airport. 
The test and the several voice communication tests with Pan American and other 
ground terminals suggest that the performance with the 747 aircraft would have 
been much superior to the performance achieved with the FAA aircraft because 
of the better antenna characteristics of the Boeing slot dipole antenna. 
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Relative Position Accuracy for Two Aircraft in Flight 


The Federal Aviation Administration flew two aircraft with measured and 
controlled separations for the purpose of measuring relative position accuracy 
of the satellite position fixes with the aircraft over land and over water. 

The flight test was made on December 1, 1970 with a DC-6 four engine propeller- 
driven aircraft and a C-135 jet aircraft. Each aircraft was equipped with a 
tone-code ranging transponder. The DC-6 used the GE transponder and was 
equipped with a Dome and Margolin Satcom antenna and a blade antenna. The 
C-135 aircraft was equipped with the RTA-41 transponder and a blade antenna. 
Both aircraft were located by range measurements from the two satellites and 
also by the EAIR Precision Radar at the FAA National Aviation Flight Experi- 
mental Center (NAFEC) . 

The radar tracks of the flight paths for the aircraft are shown in Figure 
6 -4. On each leg, the aircraft started with the C-135 approximately one mile 
ahead and 500 feet higher than the DC-6. As the aircraft proceeded, the C-135 
pulled ahead so that at the end of fifteen minutes flight time it was approxi- 
mately 8 miles ahead of the DC-6. 

Flights were made over land and water and at altitudes of approximately 
20,000 and 5,000 feet. The test occupied approximately 5.5 hours of flight 
time. 


Satellite ranging data were recorded at the General Electric Observatory 
at Schenectady, New York on punched paper tape in the usual manner. The EAIR 
Precision Radar data were processed at NAFEC and furnished for comparison with 
the two satellite ranging fixes. The aircraft were tracked on alternate minutes 
by the radar because the radar could lock onto only one aircraft at a time. 
Aircraft positions were interpolated for each aircraft during the times when 
the radar was tracking the other craft. The interpolations are accurate be- 
cause the aircraft were flying straight and level flights during the legs on 
which the measurements were made for separation comparison. 

Results of the flight test are presented as follows: 

Figure 6 -5 shows the directions to the satellites, their elevation angles, 
the directions of the lines of position through the radar reference locations 
for each satellite, and the direction of the hyperbolic line of position repre- 
senting the plot of constant range differences to the satellites. The direc- 
tions are correct within the plot precision for all radar and satellite posi- 
tions because the flight test was confined to a region small compared to the 
size of the earth and the orbit geometry. 

Figures 6-6 through 6-24 are plots of the difference between satellite 
fixes and radar fixes with radar fixes as reference. A separate plot is pre- 
sented for each radar run for each aircraft. 

Figure 6-25 is a plot in latitude and longitude of satellite and corres- 
ponding radar fixes for a portion of one radar run for the DC-6 aircraft. The 
plot was made near the end of the test flight, and it is believed that the 
satellite fixes have a bias error due to satellite position prediction error. 

Figure 6-26 is the same data as Figure 6-25 but with the satellite fixes 
shifted by the amount believed necessary to correct for the satellite reference 
position bias error. 
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LATITUDE 


FIGURE 6-4 
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FIGURE 6-5 


REFERENCE LINES USED IN RADAR AND SATELLITE FIX PLOTS 
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FIGURE 6-6 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-7 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-8 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-9 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-10 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-11 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-12 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-13 
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FIGURE 6-14 
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FIGURE 6-15 
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FIGURE 6-16 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-17 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-18 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-19 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-20 
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FIGURE 6-21 
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FIGURE 6-22 
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FIGURE 6-23 
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FIGURE 6-24 
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FIGURE 6-25 


RADAR AND SATELLITE FIXES 



Longitude 
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FIGURE 6-26 


RADAR AND SATELLITE FIXES 



Longitude 
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Figure 6-27 is a plot in latitude and longitude of satellite and radar 
fixes for a portion of one radar run for the C-135 aircraft. It is believed 
that the fixes are displaced along a hyperbolic line of position resulting 
from low received signal level in the aircraft with its corresponding receiver 
time delay change from the signal level when the transponder delay was cali- 
brated. 

Figure 6-28 is a plot of the same data as Figure 6-27 but with the satel- 
lite fixes shifted by the amount believed necessary to correct for the receiver 
time delay bias error and the satellite reference position bias error. 

Figure 6-29 plots all of the fixes for each aircraft during the 5.5 hour 
test flight, presented to show the scale of the errors compared with an assumed 
60 nmi. separation of flight paths. 

Figures 6-5 through 6-28 are on Mercator plotting sheets. The distance 
scale is the same for all directions. The small divisions are in minutes of 
latitude and longitude. One minute of lat itude is one nautical mile. Circles 
on Figures 6-5 through 6-24 are in multiples of one nautical mile radius, and 
the solid lines on Figures 6-25 through 6-28 are one nautical mile on each 
side of the radar track. 

The aircraft separation tests made on December 1, 1970 were made under 
nearly worst case conditions for every parameter of the test. 

The largest contributions to fix errors were: 

• Marginal signal-to-noise ratio on the down-link from the satellite to the 
aircraft . Many interrogations were missed because the signals were below the 
detection threshold. Noisy signals cause scatter of ranging measurements as 
described in Section 4. The overall contribution of error under the test 
conditions is estimated to be ~4 microseconds standard deviation on range mea- 
surements, 2,000 feet standard deviation of range for signals into the C-135, 
and ~3 microseconds or 1,500 feet standard deviation of range for signals into 
the DC-6, This error contribution can be reduced by better aircraft antenna 
designs and use of circular polarization on satellite and aircraft. 

• Receiver time delay change with signal amplitude . This effect is noticeable 
with the RTA-41B equipment because it does not have a limiter-discriminator 
designed to reduce the effect. The change in receiver time delay over the 
range of signal amplitudes in the experiment is estimated to be approximately 
10-12 microseconds. The effect is apparent in a comparison of the plots for 
the C-135, with the RTA-41B transceiver. Radar run 4, with good signals as 
evidenced by the higher percentage of returns, are clustered around the true 
position; other runs with weaker signals tend to be biased along the hyper- 
bolic position line away from the satellites. Receiver time delay change 
with signal amplitude can be reduced by taking the factor into account in the 
receiver design. Performance was better in this respect with the special 
limiter-discriminator in the transponder used in the DC-6. 

• Radio frequency interference. The bandwidth of the RTA-41B receiver is 
approximately 40 kHz. It was subject to interference from ATC communications 
on channels 25 kHz above and below the frequency of the satellite downlink. 

This cause of interference can be reduced by proper bandwidth selection for 
the receiver, and would not be present in areas where ATC communications are 
not on adjacent VHF channels. 
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FIGURE 6-27 


RADAR AND SATELLITE FIXES 



Longitude 
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FIGURE 6-28 


RADAR AND SATELLITE FIXES 



Longitude 
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FIGURE 6-29 


"WORST CASE" SATELLITE FIXES RELATIVE TO 60 nmt. 

TRACK SEPARATION IN TRANSOCEANIC AIR TRAFFIC CONTROL 

(Reference - National Academy of Sciences Summer Study 
on the Useful Applications of Earth-Oriented Satellites - 1967/68) 

4 — Worst Error - 11 nml. 


DC-6 fix errors 




C-135 FIX ERRORS 
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• Spin modulation of ATS -3 . The effect is similar to ionosphere amplitude 
scintillation, except that it occurs at a higher average rate. During the 
test, it resulted in loss of interrogations, increased scatter of readings 
due to changing signal amplitudes, and may have been a contributing factor 
to the correlations on wrong bit periods. The spin modulation is an inter- 
mittent defect in the performance of the satellite. It is not expected in an 
operational satellite. 

• Low elevation angle of ATS-1 . ATS-1 was at zero degrees elevation angle for 
the aircraft, and less than two degrees for the Observatory. The low eleva- 
tion angle exaggerates the effect of the difference between the actual iono- 
sphere delay and the assumed delay in the model contained within the POSFIX 
program. The low angle also reduces signal level because the satellite is 

in an unfavorable part of the aircraft antenna pattern, off the peak of the 
satellite pattern, and because of atmospheric absorption and maximum range 
to the satellite. It is not expected that an operational system would 
routinely employ satellites at such a low elevation angle. 

• Sea reflection multipath. Other contributions to error tend to obscure the 
multipath effects. Multipath contributes to the scatter of the fixes. Multi- 
path can contribute larger errors than in the test, because jet aircraft fly 
at higher altitudes. Figure 6-29 includes low altitudes and over-land flights 
so that the plots do not represent a "worst case" for multipath. Multipath 
effects can be reduced by aircraft antenna designs and the use of circular 
polarization. 

• Satellite position prediction errors . If the wrong positions are used for 
the satellites when a fix is computed, there will be an error in the position 
fix. Comparison of Figure 6-6, early in the flight test, with Figure 6-15, 
late in the flight test, suggests that the satellites did not follow their 
orbits exactly as predicted. There is a gradual eastward shift in the fix 
error bias of approximately one minute, thirty seconds. It is not possible 
to separate accurately the effect of the satellite position errors from the 
effect of the difference between the actual ionosphere and the model. The 
use of ground reference transponders would reduce both effects. The techni- 
que of correction by use of ground reference transponder measurements was not 
used in computing the fixes for the December 1, 1970 test. 

• Difference between actual ionosphere delay and model in the POSF IX pr ogram . 
The POSFIX program used in computing the fixes contains a model for the iono- 
sphere that gives a correction for each propagation path. The model and its 
use are described in Appendix II. The model may not describe the actual iono- 
sphere delays at the time of the measurements, so that a ranging error results. 
The model may not describe the actual ionosphere delays at the time of the 
measurements, so that a ranging error results. The error can be reduced by 
the use of ground reference transponders. 

Precision and accuracy can be much improved at VHF with the narrow band- 
width signal parameters used in the test. Evidence of this is contained in 
Figures 6-13, 6-15 and 6-19 where better signal conditions than the average 

were experienced during the flight test. Further evidence is the accuracy 
achieved with the Coast Guard Cutter Rush (Section 7, Figure 7-3), and the 
location of the aircraft at the benchmark at Shannon. (Page 6-53) 

It is important to note, however, that at its worst the satellite ranging 
technique, using the first experimental design, was at least as accurate as 
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other non-satellite electronic or radio navigation aids now in use over the 
oceans, and the means to improve its precision and accuracy are clearly evi- 
dent. 


An examination of plots for individual radar runs and comparisons of plots 
for various radar runs reveal the magnitudes of specific contributions to posi- 
tion fix error. Identification of the causes of error and the magnitudes of 
their contributions defines the engineering changes that can be made to mini- 
mize the effects. 

Severe spin modulation was experienced with ATS-3 throughout the flight 
test. The signal level dropped by 8 dB during a portion of each rotation of 
the satellite so that there was a signal drop-out on the signals into the air- 
craft occurring once each 0.6 second. The spin modulation fading pattern is 
shown in Figure 6-30. The interrogation rate was once each three seconds. It 
was not synchronized with the satellite spin modulation. As a result many in- 
terrogations were lost entirely because the address code was not received in 
the aircraft. 

A portion of the tone was lost on some of the interrogations, so that the 
aircraft responder did not match its phase as accurately to the received tone 
phase as it would have without the spin modulation. The result of the incor- 
rect phasing is that the aircraft response is a few microseconds early or late. 
It adds or subtracts a constant value to the range measurement from each of the 
two satellites. The difference in their values remains correct so that posi- 
tion fixes made under these circumstances are displaced along a hyperbolic line 
of position corresponding to the line of position measured by a range difference 
technique, similar to LORAN. The result is clearly evident in Figures 6-7 and 
6 -19. The hyperbolic position lines were constructed by connecting points 
that have a constant difference in range as the range measurements are projected 
onto the earth in the region of the user craft. 

The difference between the spin modulation rate and the tone code interro- 
gation rate caused a "beat" so that the spin fade moved through the tone-code 
signal. Early in Figure 6-30 the fade was near the beginning of the tone-code 
signal. Later the fade was near the end of the signal. The effect of "beat" 
on accuracy is evident in Figure 6-28 where the accuracy of the satellite posi- 
tion fixes changes with time at the beat rate of the spin modulation and inter- 
rogation rates. 

The combination of spin modulation on ATS-3 and poor and variable antenna 
patterns resulted in unreliable transmission links between the aircraft and the 
satellites. Faraday rotation of the signals, combined with antenna linear 
polarization or highly eliptic polarization at some directions contributed fur- 
ther to signal losses. 

Many interrogations were lost because the signal level into the aircraft 
receiver was below the detection threshold. Signals that were received in the 
aircraft were in the signal level range where the receivers exhibit their 
largest time delay variations with signal amplitude. The effect is evident by 
comparing the position fixes for the C-135 aircraft. Radar run 4 was evidently 
in a better heading for signal reception than the other radar runs. The Fara- 
day rotation of the polarization plane was also favorable during the run. 
Seventy-four percent of the interrogations during radar run 4, compared with an 
overall average of forty-seven percent, resulted in two-satellite fixes. 
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FIGURE 6-30 


SPIN MODULATION FADING PATTERN 
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suggesting a stronger average received signal level in the aircraft. The 
satellite fixes of radar run 4 are centered more closely with the radar fixes 
than in the other runs, although there are individual fixes displaced along 
the hyperbolic line of position. The displacements are probably due to the 
spin modulation. The fixes taken during the other runs are biased away from 
the radar fixes along the hyperbolic line of position in a direction suggest- 
ing that the weak signals experience a longer time delay through the RTA-41B 
receiver than the stronger signals. The displacement of the fixes indicates 
that the delay is increased by about 12 microseconds, a reasonable value for 
the RTA-41B receiver. 

The time delay effect with signal amplitude change is less evident in the 
position fixes with the General Electric receiver-transmitter in the DC-6 be- 
cause that receiver has a special limiter-discriminator designed to reduce the 
signal delay change with signal amplitude. (Page'4-3) 

There is evidence of probable error in satellite position predictions in 
the plots of satellite positions referenced to the radar positions. The dura- 
tion’ of the test was approximately 5.5 hours. An examination of the plots in 
Figures 6 through 15 shows a gradual eastward shift of the satellite position 
fixes relative to the radar fixes as time goes by. For example, the earliest 
plots of the DC-6 aircraft are centered about the radar positions but the last 
one, radar run 19, shows the satellite position fixes clustered about a point 
which is approximately one minute, thirty seconds east of the radar positions. 
This was the justification for replotting the data of Figure 6-25 into Figure 
6-26. 


The effects of multipath on position fix accuracy are not clearly separable 
from the other factors that cause scatter of the position fixes. Multipath ef- 
fects are expected to be larger over sea than over land, and to be larger at 
high altitude rather than low altitude. (Section 5) It was for these rea- 
sons that the test was designed to include flights over water and over land, 
and at two altitudes. The effect of multipath on range measurements is ex- 
pected to be about equal in magnitude on the link from the satellite to the 
aircraft and on the return links from the aircraft to the two satellites. 

Each of the contributions is independent Of the others. The multipath con- 
tribution on the downlink from the satellite to the aircraft will affect the 
phasing of the transponder and contribute equally to the two return paths so 
that the contribution of multipath should tend to displace the fix along the 
hyperbolic line of position. However, the return paths from the aircraft to 
the satellite will be independent and displace the position lines for each of 
the two satellites in a random fashion. The presence of multipath should in- 
crease the scatter of the readings with some preference in the scatter along 
the line of position, but with a larger displacement of the scatter of the 
readings in directions which are independent of the azimuth angles to the 
Satellite or to the hyperbolic position line. The amount of the scatter should 
be larger at high altitudes and larger over water than over land. A comparison 
of the plots for radar run 19 over land at ''■6,000 feet, runs 13 through 18 over 
water at ~6,000 feet, runs 7 through 12 over land at 19,000 feet, and runs 1 
through 4 over water at ~2 1,000 feet may reveal some evidence of the multipath 
effects but they cannot be quantified in the presence of the other effects that 
cause the scatter of the fixes. An upper bound on multipath effects can cer- 
tainly be defined. It is obviously smaller than the sum of all the effects 
that cause scatter of position fixes. 
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It is possible to relate some individual position fix errors to the trans- 
mission link in which they occurred. For the DC-6 aircraft, radar runs 7 and 
16 and for the C-135 aircraft, radar runs 4, 13 and 14 show a definite pattern 
of displacement of fixes along the hyperbolic line of position. These indi- 
cate that the signal path from the satellite to the aircraft was affected by 
spin modulation or other cause of low signal-to-noise ratio so that the trans- 
ponder returned its signal a little early or a little late. The links through 
the two satellites to the Observatory were usually good during these runs so 
that the phase matcher-correlators at the Observatory performed with good pre- 
cision. As a result, the same error was added to each of the range measure- 
ments and the position fix displaced on the hyperbolic line. For the DC-6 air- 
craft, radar run 10, there is a position fix approximately 3.5 miles displaced 
from the radar fix along the ATS-3 line of position. Its proximity to the 
ATS-3 line of position indicates that the aircraft responded properly, that 
the signal path back through ATS-3 was good, but that there was some error in 
the measurement of the phase at the Observatory on the return from ATS-1. 

There is a similarly displaced fix in radar run 16 of the DC-6. 

There were 29 fixes with very large errors that are not plotted in Figures 
6-6 through 6-24. The fixes were displaced along the hyperbolic line of posi- 
tion toward the satellites. Four were approximately 75 miles displaced, four 
approximately 150 miles displaced, three approximately 225 miles displaced, 
three approximately 300 miles displaced, and the remainder were displaced many 
hundreds or thousands of miles from the true position of the aircraft. Twenty- 
six of these fixes occurred with the equipment in the C-135 and three occurred 
with the equipment in the DC-6. The large errors occurred because the correla- 
tor correlated on the code early by a multiple of the bit periods in the code. 
One bit period, a period of the 2.4414 kHz cycle, is 409 microseconds. All of 
the improper correlations occurred before the time of the correct correlation, 
none later - so that all of the fix errors due to this cause are displaced 
along the hyperbolic line toward the satellite, none farther from the satel- 
lites than the true position. 

The early correlations oocured because the detection threshold in the cor- 
relator was set too low. (Section 4) The adjustment was set too low to in- 
crease the number of responses to interrogations in spite of the poor signal- 
to-noise ratio due to the low antenna gain and the spin modulation fading. 

As a consequence, a noise pulse added to one of the side lobes of the correla- 
tor output would bring the correlator output above the decision threshold dur- 
ing a bit period prior to the one in which the correlation actually occurred. 
This is correctable by the design and adjustment of the equipments. Overall 
in the ranging and position fixing experiment, it was a rare occurrence. In 
a properly designed operational system with better signal-to-noise ratio and 
improved coding design, its occurrence would be negligible - a reasonable de- 
sign expectation being once in 10 6 or 10 7 interrogations. 

The use of a satellite surveillance system for traffic control is de- 
scribed in the National Academy of Sciences Summer Study Report, "Useful Appli- 
cations of Earth Oriented Satellites", 1967-1968. Aircraft are assigned flight 
paths over the ocean, with the flight paths separated laterally by an assigned 
distance. Each aircraft flies according to its flight plane with its on-board 
navigation. Its position is monitored by the traffic control agency using the 
surveillance system. When an aircraft is observed to depart from its assigned 
flight path out to a deviation limit, the control agency instructs the aircraft 
to change its course so that it returns to its intended flight path. The 
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probability that an aircraft is displaced more than half-way to the next track 
is the product of two probabilities, that the aircraft deviated to the half-way 
line because of its faulty navigation and that the surveillance system failed 
to detect it. 

Results of the five and one-half hour relative position experiment on 
December 1, 1970 are plotted in Figure 6-29 to suggest the ability of the ex- 
perimental equipment to provide surveillance for maintaining a separation of 
sixty miles. The plots in Figure 6-29 are the superposition of Figures 6-6 
through 6-24 for each of the two aircraft. All of the fixes are included, ex- 
cept those that are multiples of approximately seventy-five miles in error, 
resulting from correlation during wrong bit periods. The errors in the plots 
are caused by the "worst case" conditions described for Figures 6-6 through 6-24. 
The fix errors can be reduced to a fraction of their values by modest improve- 
ments in the satellite-to-aircraft link, in the aircraft equipment, and in the 
tracking of the satellites. 

Although the position fix errors are larger than they would be in an oper- 
ating system, even a narrow bandwidth VHF system, they appear to be adequate 
for maintaining aircraft separations much smaller than the present track assign- 
ments over the North Atlantic. 

The accuracy of the position fixes in Figure 6-29 is at least equal to the 
accuracy specified by Boeing for an inertial navigation system at the end of a 
5.5 hour flight. The Boeing specification states that the inertial navigation 
system shall not accumulate more than 2 nmi. error per flight hour on 95 percent 
of flights up to ten hours duration. 

Figure 6-31 compares the accuracy of the DC-6 fixes with the Boeing speci- 
fication for a 5; hour flight. The satellite fixes in Figure 6-31 include all 
"worst case" errors including satellite position bias errors. One DC-6 fix was 
11 miles in error, A check of signal chart recordings in the aircraft and at 
the Observatory for that individual fix showed that it was affected by ATC in- 
terference in the aircraft, and by spin modulation of the satellite. It is the 
worst fix identified in the entire two and one-half year experiment, except for 
those that are caused by correlations early by an integral number of bit peripds. 
Other fixes several miles in error are also found to be caused by factors that 
can be reduced by better signal levels on the down link or other engineering 
design changes. 

The precision of the satellite fixes is poorer than the INS fixes, but the 
long term accuracy is better. 

The results of the flight test are summarized in Tables 6-1 and 6-2. In- 
formation in the tables can be compared in various ways to reveal the effects 
of individual contributions to position fix error and other factors affecting 
the overall performance. 

The transmission links to and from the aircraft were not sufficiently re- 
liable for an operational system. The downlink from the ATS-3 interrogating 
satellite to the aircraft resulted in only 62 percent responses to interroga- 
tions by the DC-6 aircraft and 47 percent for the C-135. The downlink is the 
weakest transmission link and it was affected by the variability of the antenna 
patterns (Figures 6-1 and 6-2), by Faraday rotation because of the linear polar- 
ization of the satellite, by multipath reflections and by interferring signals 
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FIGURE 6-31 
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♦Correction for receiver time delay error, 12 microseconds or 2 nautical pile fix displacement along the 
hyperbolic line of position (except for radar run 4, no delay correction) plus correction for sum of 
uncertainties in ionosphere delay and satellite position. Between 15:45:00 and 21:00:00 GMT the assumed 
error changes linearly with time, one minute, thirty seconds along 70 degree track. 




within the passband of the aircraft receivers, especially the C-135 aircraft 
receiver which had a 40 kHz bandwidth making it subject to interference from 
air traffic control communications on channels adjacent to the satellite down- 
link. Throughout the test the satellite signals received by the aircraft 
varied above and below the FM detection threshold, and were never strong. 

The data reflects the expected characteristics of the Dome and Margolin 
and blade antennas. The zenith mode of the Dome and Margolin antenna provided 
the best downlink performance from the ATS-3 interrogating satellite which was 
at an elevation angle of 32°. When the azimuth mode was used, the aircraft re- 
sponded to approximately 70 percent of the interrogations; with the horizon mode 
the response rate was approximately 50 percent; and for the blade antenna on 
the C-135, it was 47 percent. The zenith mode did not transmit well to ATS-1 
which was at 0° elevation so that when the zenith mode was used about one- fourth 
of the interrogations were successfully relayed through both satellites and re- 
ceived at the Observatory to provide a two-satellite position fix. Although 
the horizon mode antenna did not respond as reliably to the interrogations from 
ATS-3, more than 30 percent of the interrogations were relayed back through 
both satellites tp yield two-satellite position fixes, a higher percentage 
yield than the zenith antenna. The blade antenna on the C-135 aircraft yielded 
two-satellite fixes on 19 percent of the interrogations. 

An examination of Figures 6-6 through 6-24 shows an eastward shift of the 
position fixes as a function of time during the 5.5 hour flight test. It is 
clearly evident in the columns headed "Percent Fixes Within 1 nmi. 11 in Tables 
6-1 and 6-2 that the percentage drops noticeably for radar runs 13 and 14 and 
takes a very sharp drop for radar runs 16 and 19. 

A close examination of the runs for the DC-6, Figures 6-6 through 6-15, 
suggested that the fixes shifted along a track at 70 degrees and by a distance 
equal to one minute, thirty seconds during the 5.5 hour period. The shift was 
assumed to be linear with time. The position fixes for each plot were shifted 
approximately for the time of the plot and the number of fixes within a one 
nautical mile radius circle were determined for each radar run, and the per- 
centage of the fixes was recomputed. As shown in the columns "Percent Fixes 
Within 1 nmi. With Correction" there was no significant change in the percentage 
when the correction had been made. With these corrections, 70 percent of the 
DC-6 fixes were within one nautical mile. 

An additional correction was assumed for the C-135 fixes. A comparison 
of radar run 4 with the other radar runs for the C-135 shows that run 4 fixes 
are clustered about the radar reference position, whereas the fixes for all of 
the other runs appear to be displaced along the hyperbolic line of position in 
a direction away from the satellites. An examination of the link performance 
for run 4 compared with the others showed that the signal levels into the air- 
craft were stronger, on the average, for that run. Seventy- four percent of the 
interrogations resulted in aircraft responses whereas the response rate was 
much lower for most of the other runs. A probable explanation is higher gain 
for the aircraft antenna in the direction of the satellite during that run, 
combined with more favorable Faraday rotation angle. The RTA-41B receiver 
used in the C-135 aircraft is subject to receiver time delay change with signal 
amplitude and is especially sensitive in this respect when operating with weak 
signals. A typical value for receivers of this type is 10-15 microseconds 
change in receiver time delay between a signal at the detection threshold and 
one that is five or 10 dB above the detection threshold. This characteristic 
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has been measured in General Electric receivers before the installation of the 
special limiter discriminator as was used in the DC-6 aircraft. 

The fixes for the C-135 were re-evaluated with two corrections for the 
reference position. One correction applied to all of the radar runs was the 
same as the one applied to the DC-6 aircraft. In addition for all runs except 
run 4, the position reference was shifted two miles along the hyperbolic line 
of position. Two miles is the distance that would result in this geometry for 
a 12 microsecond change in receiver time delay. 

A shift in the position reference must have a justification beyond fit- 
ting the data. It is shown in Section 5 , Figures 5-1 and 5-2, that satellite 
prediction errors can produce line of position errors and fix errors larger 
than a nautical mile. It is also shown that these errors have a diurnal var- 
iation. The magnitude of the error is further increased if the equipment time 
delay calibration was made when the satellite position prediction was in error. 
(Page 5-6) 

A further contribution to the shift in the position fixes during the 
period would be a change in ionosphere propagation delay that is different 
than the predicted change in propagation delay. 

Although it can be shown that satellite prediction errors and an incor- 
rect estimate of the ionosphere propagation delay could shift the fixes by 
the magnitude observed in the test, it is further necessary to show that these 
conditions may have existed during the test. Figure 6-32 is a plot of the 
difference between the measured and computed slant ranges from ATS-3 to Schen- 
ectady during the test* Schenectady is close enough to the flight test area 
so that corrections for the satellite position error and the ionosphere as mea- 
sured at Schenectady would be valid for the test area. 

The difference between the measured and computed slant ranges represents 
the sum of the effects of satellite position error and ionosphere propagation 
delay on the range measurement from ATS-3 to Schenectady and to the aircraft. 

Also shown in Figure 6-32 is the correction for the ionosphere propagation 
delay that was actually applied to the position fixes. It is derived from the 
model which is a part of the POSFIX computer program. The differences between 
the measured and computed slant ranges is the correction that should be applied 
and would be applied if Schenectady were used as the ground reference calibra- 
tion for the fix measurements. The measurement was not applied in the program 
because it was not written to accommodate that type of correction and because 
there was no similar correction available for ATS-1. 

The difference between the two curves represents the residual error in 
the range measurement resulting from the error in satellite position and the 
error' in estimating ionosphere delay. The model and the measured correction 
agree near the beginning of the flight test where the position fixes also 
agree with the radar position fixes. As time advanced through the test, the 
difference between the proper correction curve and the one actually used in 
the POSFIX program increased until they differed by approximately 4 microseconds. 
The correction derived from the Schenectady measurements is larger than the cor- 
rection applied in the POSFIX program. If the Schenectady measurement had been 
used as a correction, the range from the assumed position of the satellite 
would have been reduced by approximately 4 microseconds causing the position 
fixes to be moved towards the satellite ATS-3 by about 2500 feet. This is in 
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FIGURE 6-32 

COMPARISON OF IONOSPHERE MODEL AND MEASURED RANGE CORRECTIONS 
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the proper direction and about the right magnitude tp correct for the observed 
shift relative to the radar position reference in the direction of the ATS-3 
satellite. The magnitude of the change relative to the ATS-1 azimuth direc- 
tion suggests that an even larger correction would be necessary for the ATS-1 
satellite. 

While no data are readily available to show what the ATS-1 correction 
should have been at the time, we usually observe larger differences between 
measured and computed slant ranges for ATS-1 than for ATS-3. We attribute 
these larger differences to effects related to the very low elevation angle 
of ATS-1, as it is viewed from Schenectady and the flight test area. 

The evidence of Figure 6-32 that satellite prediction and/or ionosphere 
delay prediction errors were present during the flight test appears to justify 
the shift in the fixes relative to the radar reference and lead to the conclu- 
sion that if the ground reference calibration technique had been used in com- 
puting the fixes that 70 percent of the DC-6 fixes and 63 percent of the C-135 
fixes would have been within one nautical mile. 

Further improvements in position fix accuracy would result from better 
transmission link design, especially the aircraft antennas and the use of cir- 
cular polarization on the satellites to bring the signal levels above the de- 
tection threshold, the use of an improved limiter-discriminator in the C-135 
aircraft to reduce the effect of time delay change with signal amplitude and 
the elimination of spin modulation on the ATS-3 satellite or the use of in- 
terrogation rate synchronized to the spin rate. 


Flight from NAFEC to Griffiss Air Force Base, July 6, 1970 

Short-term accuracy for an aircraft in flight over a distance of a few 
hundred miles was assessed by comparing satellite derived position fixes with 
precision radar fixes while the aircraft was enroute from the Federal Aviation 
Administration's National Aviation Facilities Experimental Center (NAFEC) at 
Atlantic City, New Jersey to Griffiss Air Force Base at Rome, New York, and 
then on to the ground at Rome, New York. Sixty-three of 79 satellite fixes 
were within one nautical mile of radar fixes made at the same time. 

The first portion of the flight is plotted in Figure 6-32. The satellite 
fixes, shown by crosses, start at the NAFEC airport and continue as the aircraft 
took off and circled around to the right beforfe the radar started tracking the 
plane. A second portion of the flight, with the transponder employing the 
Bendix RTA-41B receiver-transmitter, is shown in Figure 6-33. 

Tables 6-3 and 6-4 contain the detailed results of the test and the notes 
with the tables state the conditions. 


Long-Term Trans-Ocean Accuracy 

The July 6 flight from Atlantic City to Rome, New York was the first leg 
of a flight to Shannon, Ireland and return. 

Range measurements from ATS-3 to the aircraft were used to determine the 
latitude of the aircraft while it was parked at the Shannon airport. A time 
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TABLE 6-3 


FAA DC-6B ENROUTE FROM NAFEC , ATLANTIC CITY, NEW JERSEY 
TO GRIFFISS AIR FORCE BASE, ROME, NEW YORK 



POSITION FIX, RANGING 


POSITION FIX BY 

EAIR 

POSITION FIX ERROR 

TIME -GMT 

FROM ATS -3 AND ATS-1 ** 

PRECISION RADAR. 

NAFEC 

NAUTICAL MILES 

14 13 12 

39°21' 12" t 


39°20' 43" 


0.6 


74 38 48 


74 39 21 



14 13 15 

39 19 55 


39 20 40 


0.8 


74 39 48 


74 39 30 



14 13 45 

39 20 12 


39 20 10 


0.1 


74 40 59 


74 41 4 



14 14 18 

39 19 36 


39 19 44 


0.9 


74 44 6 


74 42 51 



14 15 24 

39 19 7 


39 19 37 


1.7 


74 48 48 


74 46 30 



14 16 00 

39 20 53 


39 19 56 


1.5 


74 46 54 


74 48 25 



14 16 36 

39 20 33 


39 20 44 


0.5 


74 49 29 


74 50 8 



14 17 03 

39 21 38 


39 21 21 


0.3 


74 51 43 

/ 


74 51 25 



14 17 09 

39 21 32 

74 51 10 Z 

o 

39 21 29 
74 51 42 


0.4 

14 17 36 

39 22 6 Z 

74 52 58 v 

tn 

39 22 6 

74 52 56 


0 (See Note 4) 

14 17 42 

39 22 4 


39 22 14 


0.4 


74 53 45 


74 53 13 



14 18 48 

39 23 27 


39 23 41 


0.2 


74 56 14 

i 

74 56 19 



14 19 48 

39 24 13 


39 24 59 


1.0 


75 0 3 


74 59 10 



14 19 54 

39 25 39 


39 25 7 


0.9 


74 58 46 


74 59 28 



14 20 27 

39 25 11 


39 25 49 


1.1 


75 2 23 


75 1 4 



14 21 30 

39 27 27 


39 27 11 


0.8 


75 2 54 


75 4 11 



14 24 45 

39 30 37 


39 31 19 


0.8 


75 14 32 


75 14 3 



14 30 30 

39 44 40 


39 44 27 


0.4 


75 24 48 


75 24 21 



14 30 33 

39 44 46 


39 44 35 


0.2 


75 24 23 


75 24 23 




**See Note 1 
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TABLE 6-3 continued 


POSITION FIX, RANGING POSITION FIX BY EAIR POSITION FIX ERRO 
TIME -GMT FROM ATS -3 AND ATS-1 ** PRECISION RADAR. NAFEC NAUTICAL MILES 


14 30 36 

39044 * 39 '- 
75 25 2 



39044 * 43 " 
75 24 25 

0.4 

14 30 39 

39 43 58 
75 25 8 



39 44 52 
75 24 27 

1.0 

14 31 03 

39 46 9 

75 25 0 



39 46 2 

75 24 47 

0.2 

14 31 06 

39 45 56 
75 24 59 



39 46 11 
75 24 49 

0.3 

14 31 09 

39 46 29 
75 25 45 



39 46 20 
75 24 52 

0.7 

14 31 12 

39 45 53 
75 25 51 



39 46 29 
75 24 54 

0.9 

14 31 36 

39 47 29 
75 25 41 



39 47 44 
75 25 16 

0.4 

14 31 39 

39 47 43 
75 25 44 



39 47 54 
75 25 17 

0.4 

14 31 42 

39 47 46 
75 25 10 



39 48 4 

75 25 19 

0.2 

14 31 45 

39 47 53 
75 25 18 

S 

C 

M 

39 48 13 
75 25 22 

0.5 

14 32 09 

39 48 10 
75 26 15 

0 ) 

u 

Q 

25 

39 49 32 
75 25 44 

1.4 

14 32 15 

39 50 6 

75 26 14 

( 

( 

0 

s 

V 

V 

0 

39 49 53 
75 25 49 

0.3 

14 32 42 

39 50 32 
75 27 3 



39 51 25 
75 26 13 

1.0 

14 32 45 

39 50 51 
75 26 55 



39 51 35 
75 26 16 

0.9 

14 32 48 

39 50 56 
75 27 3 



39 51 45 
75 26 20 

1.0 

14 32 51 

39 51 38 
75 26 36 



39 51 54 
75 26 23 

0.8 

14 33 48 

39 55 10 
75 27 19 



39 55 9 

75 27 18 

0 

14 33 51 

39 55 18 
75 27 41 



39 55 19 
75 27 21 

0.2 

14 33 54 

39 55 26 
75 27 30 



39 55 29 
75 27 25 

0.1 

14 34 24 

39 56 39 
75 28 41 


f 

39 57 15 
75 27 50 

0.8 

14 38 19 

40 10 35 
75 34 37 

i 

t 

40 10 34 
75 32 34 

1.2 


**See Note 1 
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TABLE 6-3 continued 


TIME-GMT 

POSITION FIX, RANGING 
FROM ATS -3 AND ATS-1 ** 


POSITION FIX BY 
PRECISION RADAR. 

EAIR 

NAFEC 

POSITION FIX ERROR 
NAUTICAL MILES 

14 38 31 

40010’ 48" 


40011' 14" 


0.4 


75 33 2 


75 32 54 



14 38 40 

40 11 53 


40 11 43 


0.3 


75 33 27 


75 33 7 



14 39 22 

40 14 27 


40 13 58 


0.4 


75 34 15 


75 34 15 



14 39 25 

40 14 45 


40 14 9 


1.3 


75 35 57 


75 34 18 



14 39 58 

40 17 53 


40 15 55 


2.3 


75 33 45 


75 35 11 



14 40 01 

40 19 57 


40 16 6 


4.8 


75 38 49 


75 35 14 



14 40 04 

40 17 22 


40 16 16 


1.4 


75 34 12 


75 35 17 



14 40 07 

40 15 34 


40 16 24 


0.9 


75 34 51 


75 35 24 



14 40 13 

40 17 2 


40 16 44 


1.0 


75 34 17 


75 35 32 



14 40 16 

40 17 19 


40 16 55 


1.4 


75 37 31 ^ 

75 35 36 



14 40 22 

40 17 12 2 

40 17 14 


0.4 


75 35 13 as 

75 35 45 



14 40 28 

40 16 38 ! 

V 

I) 

40 17 31 


1.0 


75 35 13 S 

0 

-s 

75 35 57 



14 40 34 

40 17 17 


40 17 51 


2.1 


75 38 58 


75 36 6 



14 41 22 

40 20 14 


40 20 29 


1.2 


75 35 38 


75 37 11 



14 41 25 

40 20 7 


40 20 40 


0.7 


75 36 42 


75 37 14 



14 41 34 

40 21 25 _ 


40 21 10 


0.6 


75 36 35 


75 37 26 



14 41 40 

40 21 41 


40 21 30 


0.6 


75 36 43 


75 37 33 



14 41 43 

40 21 59 


40 21 40 


0.8 


75 36 37 


75 37 36 



14 41 55 

40 22 15 


40 22 19 


0.1 


75 38 0 


75 37 52 



14 42 04 

40 21 53 


40 22 49 


1.0 


75 38 28 


75 38 3 



14 42 10 

40 22 46 


40 23 9 


0.7 


75 38 54 


75 38 10 




**See Note 1 
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TABLE 6-3 continued 


POSITION FIX, RANGING POSITION FIX BY EAIR POSITION FIX ERROR 
TIME -GMT FROM ATS -3 AND ATS-1 ** PRECISION RADAR. NAFEC NAUTICAL MILES 


14 42 19 
14 42 52 
14 43 04 
14 43 40 
14 43 43 


40°23' 26” 
75 37 52 

40 25 13 
75 38 59 

40 25 54 
75 38 56 

40 28 19 
75 40 19 

40 27 50 
75 39 14 


40°23' 37" 
75 38 23 

40 25 26 
75 39 7 

40 26 6 

75 39 21 

40 28 3 

75 40 8 

40 28 13 
75 40 12 


14 

43 

46 

40 

28 

16 




75 

40 

55 

14 

43 

49 

40 

28 

21 




75 

40 

49 

14 

43 

52 

40 

28 

42 




75 

40 

3 

14 

43 

58 

40 

28 

22 




75 

40 

14 

14 

44 

10 

40 

30 

1 




75 

41 

4 

14 

44 

ro 

40 

30 

30 




75 

41 

53 

14 

44 

37 

A0 

30 

13 




75 

42 

53 


c”> 

0) 

•u 

o 

Z 


01 

0) 

CO 



40 28 22 
75 40 18 

40 28 32 
75 40 19 

40 28 41 
75 40 25 

40 29 2 

75 40 31 

40 29 40 
75 40 47 

40 30 30 
75 41 7 

40 31 10 
75 41 22 


14 48 33 40 44 41 

75 42 39 


40 44 27 
75 43 56 


14 

59 

10 

41 

19 

53 




75 

39 

18 

14 

59 

13 

41 

21 

5 




75 

38 

55 

14 

59 

46 

41 

22 

42 




75 

39 

7 

14 

59 

52 

41 

22 

58 




75 

39 

19 


41 19 44 
75 38 51 

41 19 57 
75 38 36 

41 21 54 
75 38 6 

41 22 15 
75 38 7 


15 01 22 41 28 35 

75 40 8 


41 27 17 
75 39 4 


0.4 

0.2 

04 



0.3 

0.5 

1.5 

0.9 

0.4 

1.2 

1.0 

1.1 

1.5 


**See Note 1 

Note 1. ATS-1 was below 2 elevation to the aircraft and Observatory. 

Note 2. Transponder with GE receiver-transmitter with special limiter discriminator 
Note 3. Transponder with RTA-41B receiver- transmitter 

Note 4. GE receiver-transmitter time delay calibration according to this radar fix. 
Note 5. RTA-41B receiver- transmitter time delays calibrated according to these 
radar fixes. 
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TABLE 6-4 


FAA DC-6B ON TAXIWAY AT GRIFFISS AIR FORCE BASE, ROME, NEW YORK 

July 6, 1970 


POSITION FIX, RANGING 
TIME -GMT FROM ATS -3 AND ATS-1 

(See Note 1) 


15 

55 

56 

43°13» 

26" 




75 

23 

28 

15 

56 

10 

43 

13 

20 




75 

24 

01 

15 

56 

28 

43 

12 

42 




75 

24 

04 

15 

56 

46 

43 

13 

21 




75 

24 

02 

15 

56 

55 

43 

12 

50 




75 

24 

15 


LOCATION OF TOWER AT DISTANCE 

GRIFFISS AIR FORCE BASE FROM TOWER 

(Feet) 

4000 ESE 
2400 SE 
5400 SSE 
2400 SE 
4900 SSE 


(See Note 2) 


43°13' 37"N 
75 24 24 W 

(See Note 3) 


Note 1. GE transmitter-receiver used. Receiver-transmitter time delay cali- 
bration made near NAFEC referenced to a radar fix. See Note 2, 

Table 6-3. 

Note 2. Information furnished by Griffiss Air Force Base. 

Note 3. Aircraft was on taxiway approximately 3500 feet southeast of tower. 


FIGURE 6-33 
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FIGURE 6-34 


SATELLITE AMD BADAR TRACKING DC-6 AIRCRAFT 
7/4/70 



Longitude 
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delay calibration made at Atlantic City nine days different in time was used in 
computing the latitude determinations so that they truly represented the long- 
term stability of the aircraft equipment. Range measurements from ATS-3 to the 
ground reference transponder at Shannon were made in the same time period as 
the range measurements to the aircraft. The measurements to the reference 
transponder yielded a correction for ionospheric delay and satellite position 
uncertainty that was used in the aircraft latitude computations. 

Table 6-5 lists the fourteen latitude determinations at Shannon and com- 
pares them with the known latitude of the aircraft. The average of the lati- 
tude determinations is 800 feet north of the known position of the aircraft. 

The test verified, as did all other long term tests, that the tone-code 
ranging equipment is stable and retains its accuracy over long periods and 
long distances. The test also verified that fixed reference transponders can 
provide effective corrections for ionospheric propagation delay and satellite 
position uncertainty. 


TABLE 6-5 




DC-6B 

AIRCRAFT ON BENCH MARK AT 

SHANNON, IRELAND 

AIRPORT 






July 12, 

1970 





LATITUDE 

LOCATION OF 

DISTANCE FROM 

TIME-GMT 

RANGING 

FROM ATS-3 

BENCH MARK 

BENCH MARK 

19 

58 

54 

52' 

3 41' 

42" 

52°41'54"N 

1200'S 







08°55'02"W 


19 

59 

06 

52 

40 

55 


6000' S 

19 

59 

09 

52 

41 

34 


2000* S 

19 

59 

12 

52 

42 

34 


4000' N 

19 

59 

15 

52 

42 

34 


4000' N 

19 

59 

21 

52 

42 

59 


6600' N 

19 

59 

24 

52 

42 

04 


1000' N 

19 

59 

39 

52 

41 

30 


2400' S 

19 

59 

42 

52 

42 

17 


2300' N 

19 

59 

45 

52 

42 

38 


4400 'N 

19 

59 

51 

52 

41 

51 


300' S 

19 

59 

54 

52 

41 

34 


2000' S 

19 

59 

57 

52 

43 

08 


7500* N 

20 

00 

06 

52 

41 

08 


4600' S 


When the aircraft arrived at Shannon, Ireland on July 12, it was parked 
at a bench mark at the airport. Range measurements were made from ATS-3 to 
the aircraft and to the ground reference transponder* at Shannon. Latitude 
determinations were made from the aircraft range measurements and compared 
with the bench mark latitude (Table 6-5). 

The GE receiver-transmitter was used in the aircraft with the "user four 11 
responder that had been used with the Bendix RTA-41B receiver- transmitter 
earlier in the flight test. As there was no calibration for that equipment 
combination when it was used at Shannon, it was calibrated at NAFEC after its 
return to Atlantic City, New Jersey on July 21. The equipment time delay cal- 
ibration made on July 21 was used in computing the latitudes for the aircraft 
at Shannon on July 12. 
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The equipment calibration was made with the aircraft at the bench mark at 
NAFEC by the following procedure: 

1. Range measurements were made between ATS-3 and the aircraft , and between 
the satellite and the Radio-Optical Observatory at Schenectady, 

2. The computed slant range to Schenectady was subtracted from the measured 
slant range to yield a correction for ionospheric delay and satellite pre- 
diction uncertainty. For that test, the correction was 4,3 microseconds. 

3. The 4.3 microseconds were subtracted from the range measurements between 
the satellite and the aircraft. 

4. The LATCOM program was used to compute the latitude of the aircraft at 
NAFEC with the corrected range measurement. 

5. The term in the LATCOM program that represents the aircraft transponder 
equipment time delay was adjusted so that the computed latitude agreed 
with the known latitude of the aircraft at the bench mark. The adjusted 
value was then the correct value for the transponder equipment time delay, 
and is the value used in all computations of aircraft latitudes when the 
GE receiver- transmitter was used with the "user four* 1 responder at Shannon. 

Latitude determinations were processed for the July 12 range measurements 
to the aircraft at the Shannon bench mark. The following procedure was used: 

1. Three range measurements from ATS-3 to the Shannon ground reference trans- 
ponder were averaged. The measurements were made within one minute of the 
aircraft range measurements. The computed slant range from the satellite 
was subtracted from the average of the measured slant ranges to yield a 
7.2 microsecond correction for the ionosphere and satellite prediction 
error. 

2. The 7.2 microsecond correction was subtracted from each of the fourteen 
range measurements from ATS-3 to the aircraft, and the LATCOM program used 
to compute the latitude of the aircraft at Shannon. 

This procedure resulted in latitude determinations using an equipment 
time delay calibration made on the other side of the ocean and nine days dif- 
ference in time, and using corrections for the ionosphere delay and satellite 
prediction error made close to the aircraft and at the same time as the air- 
craft range measurements. 

The latitudes determined from the LATCOM program are the crossing of lines 
of position with the known longitude of the craft. Look angles to the satellite 
from Shannon were approximately 243° azimuth and 09° elevation. There is a 
considerable geometrical dilution in the latitude determinations. 


Long Term Accuracy - January 11-23, 1971 

The DC-6 aircraft of the Federal Aviation Administration left the National 
Aviation Facilities Experimental Center (NAFEC) on January 11, 1971, enroute 
to Thule, Greenland for the twenty-four hour synoptic test described in Section 
11 . The aircraft returned to NAFEC on January 23, 1971. Comparison of the 
satellite and radar fixes for those two days provides information on the long 
term accuracy of the transponder that employed the transceiver. 
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The aircraft was tracked by the EAIR Precision Radar on its departure 
and on its return. The radar tracks and altitudes of the aircraft are shown 
in Figures 6-34 and 6-35. The aircraft was also tracked by two-satellite 
ranging using the RTA-41B transponder. After its return it was parked on the 
bench mark at NAFEC and the equipment time delay calibrated. The same equip- 
ment time delay calibration was used for computing the fixes made while the 
aircraft departed from NAFEC on January 11, 1971 and when it returned to 
NAFEC on January 23, 1971. Figures 6-36 through 6-42 show the differences 
between the radar fixes and the satellite fixes while the aircraft was de- 
parting from NAFEC and for various portions of the flight path as the air- 
craft descended and landed at NAFEC when it returned. 

The differences between the precision radar and the satellite fixes as 
the aircraft departed are plotted in Figure 6-36. Signal levels from the 
satellite to the aircraft were poor, contributing to the large scatter of the 
position fixes. The IF bandwidth of the RTA-41B receiver is approximately 40 
kHz. During the test periods the downlink frequency was 135.575 kHz. The 
bandwidth of the receiver is such that it received almost continuous inter- 
ference from air-to-ground communications on ATC channels centered 25 kHz 
above and 25 kHz below the satellite downlink frequency. These interfering 
signals can contribute to phasing errors and thus a degradation in the accur- 
acy of position fixes when that transceiver is used. 

Figures 6-37 through 6-42 trace the accuracy of the position fixes as the 
aircraft returned on January 23, 1971, descended and landed at NAFEC. The 
scatter of the satellite fixes and their displacement to the northward of the 
radar fixes and their tendency to be displaced in a direction away from the 
satellites along the hyperbolic line of position are similar in characteristic 
to the performance of the same equipment during the 5.5 hour flight test when 
the relative positions of the DC-6 and C-135 were measured on December 1, 1970. 

During December 1 tests the RTA-41B equipment was carried in the C-135 
aircraft and used with the blade antenna. On January 11 and 23 it was in the 
DC-6 aircraft and the blade antenna and Dome & Margolin antenna were both 
available for its use. 

The largest contribution to the northward displacement and the scatter 
of the fixes is believed due to the low average signal level into the aircraft 
which places the signal level in that portion of the receiver amplitude char- 
acteristic where the receiver time delay is greater than at larger signal am- 
plitudes. Multipath and interfering signals from other aircraft and ground 
stations may also be contributing factors. 

An important difference between the January 11 and 23 tests as compared 
with the December 1 tests is that the interrogation rate in the January tests 
was synchronized with the spin rate of the ATS-3 satellite so that spin modu- 
lation effects were not significant. The phasing of the interrogations was 
adjusted so that the signals to the aircraft and from the aircraft were re- 
layed through the satellite between the spin modulation fades. 

Figure 6-42 shows the satellite positions when the aircraft was parked on 
the bench mark for calibration of the equipment time delay. The aircraft was 
oriented favorably with respect to its antenna patterns so that the signals 
into the aircraft and from the aircraft were above the detection threshold. 

The range measurements used to compute these fixes were also used to calibrate 
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Lat itude 


FIGURE 6-35 


DEPARTURE FROM NAFEC - JANUARY 11, 1971 



Longitude 


Time 

Altitude 

Time 

Alt itude 

(GMT) 

(Feet) 

(GMT) 

(Feet) 

14:31 

12,700 

14:42 

18,000 

14:32 

13,200 

14:43 

18,500 

14:33 

13,800 

14:44 

19,000 

14:34 

14,300 

14:45 

19,200 

14:35 

14,800 

15:05 

19,400 

14:35 

15,300 

15:10 

19,800 

14:38 

16 ,000 

15:12 

20,000 

14:39 

16,500 

15:16 

20,500 

14:40 

17,000 

15:19 

21,000 

14:41 

17,500 
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Latitude 


FIGURE 6-36 
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RETURN TO NAFEC - JANUARY 23, 1971 
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Longitude 


Time 

Altitude 

Time 

Altitude 

(GMT) 

(Feet) 

(GMT) 

(Feet) 

20:21 

22,000 

21:01 

9,000 

20:28 

21,500 

21:01:30 

8,000 

20:34 

21,000 

21:02 

7,800 

20:42 

20,500 

21:02:30 

7,000 

20:49 

20,000 

21:03 

6,500 

20:50 

19,500 

21:03:30 

6,000 

20:51 

18,700 

21:04 

5,500 

20:52 

17,800 

21:21 

5,000 

20:53 

17,200 

21:22 

4,500 

20:54 

16,200 

21:22:30 

4,000 

20:54:30 

15,400 

21:23 

3,400 

20:55 

14,800 

21:23:30 

2,800 

20:56 

14,000 

21:24 

2,100 

20:57 

13,200 

21:25 

1,500 

20:58 

12,200 

21:27 

1,000 

20:59 

11,500 

21:29 

500 

21:00 

10,500 

21:30 

100 

21:00:30 

9,500 
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FIGURE 6-37 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-38 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-39 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 



6-61 


FIGURE 6-40 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-41 
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FIGURE 6-42 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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FIGURE 6-43 


DIFFERENCES, PRECISION RADAR AND SATELLITE FIXES. RADAR FIXES AS REFERENCE. 
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the equipment time delay that was used in the computation of all the fixes 
made on January 11 and 23 with that equipment. The precision of the fixes 
used for calibrating the equipment delay is considered to be good. All but 
two of the 46 fixes plotted in Figure 6-42 are within one nautical mile radius 
and one of those two is just beyond one nautical mile. One single fix is 
displaced along the hyperbolic position line approximately 3.8 miles. It 
is probable that that fix was affected by interference in the receiver aboard 
the aircraft. 


747 Aircraft Tests 


All type 747 aircraft built by the Boeing Company are equipped with a 
crossed- slot antenna designed for VHF satellite communications. The antennas 
are cut for the frequency combination 125 and 131 MHz in accordance with the 
frequency allocation plan described in ARINC Characteristic 566. One Pan 
American aircraft, airframe number 739, has a crossed slot SATCOM antenna cut 
for the ATS-1 and 3 frequencies; that is, transmission on 149,2 MHz and recep- 
tion on 135.6 MHz. 

The SATCOM antenna on another Pan American aircraft, airframe 741, was 
temporarily modified to retune it to the ATS frequencies. Although the antenna 
was used in successful communications experiments it was found to have irregu- 
larities in its pattern, as predicted by Boeing and Pan American, that caused 
a degradation in signal level at certain aircraft headings and elevation angles 
to the satellite. 

All of the Pan American 747 aircraft are equipped with VHF communications 
gear for direct air-to-ground communications using amplitude modulation. They 
can also be frequency modulated for satellite communications. The equipments 
are built in accordance with ARINC Characteristic 566. At least two of the 
aircraft, airframe 739 and 741, have flown with the full complement of equip- 
ment for VHF satellite communications. The equipment was built by Bendix and 
was designated RTA-42A. It includes a preamplifier for the receiver and a 500 
watt power amplifier for the transmitter. 

A tone-code responder unit built within a 3/4 ATR box was integrated with 
Bendix RTA-42A gear at Miami and bench tested by interrogation from Schenectady 
through ATS-3. The responder was later installed in Pan American 747 aircraft, 
airframe 739, with a different receiver-transmitter than the one used in the 
bench test at Miami. The initial tests were unsuccessful because the audio 
signal level out of the receiver was improper for the responder and the trans- 
mitter deviation was not properly adjusted for the tone-code response. 

The operating and maintenance schedule for the aircraft caused frustrating 
delays in properly matching the responder unit and the RTA-42A transceiver. 

The equipments were readjusted and a successful two-satellite ranging test was 
made to the aircraft while it was on the ground at Kennedy airport on October 
16, 1970. A ranging test in flight scheduled for November 12 was frustrated 
by failure of the aircraft receiver just after take-off. It was not possible 
to schedule a flight test after that date. 

Aeronautical Radio, Inc. has coordinated many voice communications tests 
with the SATCOM equipped 747 aircraft. Voice communication tests were con- 
ducted with airframe 741 with its retuned antenna on flights between New York 
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and Paris on October 15, 1970 and again between New York and San Juan on 
October 22, 1970. The tone-code ranging responder was not installed in the 
741 airframe and therefore it was not possible to make ranging experiments in 
addition to the voice communication tests. The scintillation effects observed 
during the October 15 flight are described in another section of the report. 

No propagation disturbances were experienced during October 22 flights 
from New York to San Juan and return. Voice communications were excellent 
except during sharply defined time periods when the signal levels into the 
aircraft dropped below the level necessary to operate the squelch control of 
the receiver. During those periods the aircraft did not receive signals from 
the ground terminals. Boeing and Pan American attribute the signal drop-outs 
to irregularities in the pattern of the retuned antenna. 

The intelligibility and quality of the voice signals as received from the 
aircraft are comparable to face-to-face communications. During the October 15 
flight the Captain of the aircraft expressed his opinion that the voice signals 
received from the satellite were as clear as the " side-tone 11 , directly wired, 
communications between crew members in the aircraft. 
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SECTION 7 


SHIP TESTS- 


Tests with Coast Guard ships were conducted during two periods: June of 

1969 with the Coast Guard Cutter Valiant , WMEC-621, in the Gulf of Mexico; and 
May through July 1970 with the Coast Guard Cutter Rush, WHEC-723, in the 
Pacific Ocean. The tests with the Valiant yielded information on the precision 
of the fixes, the quality of the voice communications, and the effects of ship 
structures on signal reliability. Fix accuracy could not be checked with the 
Valiant because the ATS-3 satellite was not accurately tracked during the 
period of the tests due to a malfunction in a mechanically despun tracking 
antenna on the satellite. 

Tests with the Rush yielded information on the accuracy of the position 
fixes over a long period of time and at widely separated locations: San 
Francisco, Ocean Station November at 140°W and 30°N, and Hawaii. The position 
fixes include the effects of satellite position errors and of the differences 
between the actual ionosphere and the ionosphere model used in the POSFIX pro- 
gram. The equipment time delay calibration did not change significantly in 
the 2.5 month period of the tests. Signal reliability and quality of voice 
communications were good. The transponder functioned well without attention 
and demonstrated the operational convenience of the tone-code ranging equip- 
ment. 


The Coast Guard Cutter Valiant, based at Galveston, Texas, is a 210 foot 
ship like the one shown in Figure 7-1. It was equipped with a ranging trans- 
ponder, also shown in Figure 7-1. The lower unit is a General Electric type 
DM76LAS mobile radio base station with tone-code responder. The 5 Watt exciter 
output of the radio transmitter was applied to a Gonset Model 903 Mark II 300 
Watt power amplifier, shown above the base station unit. The oscilloscope was 
used for display of the signal and is not a part of the transponder. The equip 

ment was mounted on the bridge of the ship. 

The antenna shown in Figure 7-1 was mounted on the flying bridge. Origi- 

nally designed for the NASA 0PLE project, the antenna consists of a pair of 
crossed dipoles connected for circular polarization. Its gain is 3 dB toward 
the zenith. It has 0 dB for circular polarization at 45 degrees elevation. 
Variation in azimuth gain is approximately 2 dB. When used with the linearly 
polarized antenna on the satellite, the antenna gain is effectively reduced by 
3 dB so that its zenith gain is approximately 0 dB; its gain at 45 degrees is 

-3 dB. It is even lower at the elevation angles to the satellites, which were 

29 degrees for ATS-3 and 17 degrees for ATS-1. Figure 7-1 shows the location 
of the antenna on the flying bridge relative to other structures of the ship. 
For certain headings of the ship, the mast shielded the antenna from one satel- 
lite or the other. 

The equipment was shipped from Schenectady, New York to Galveston, Texas 
by air on June 20, 1969. It was installed on the ship and operated without 
adjustment. 

At the completion of the tests with the Valiant, the equipment was re- 
turned to Schenectady and later shipped by air to San Francisco where it was 
installed on the Rush on May 5, 1970. The transponder unit was strapped to a 
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SISTER SHIP OF VALIANT, EQUIPMENT USED IN TESTS 
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bulkhead in the GIC (Combat Information Center) , one deck below the antenna 
location on the ship. Cable runs approximately 35 feet long connected the 
transponder to the antenna. The antennas were located on the bridge deck 
(03 level) directly above the CIC. There was an HF fan antenna mounted above 
the satellite antennas. Three satellite communication antennas were available 
for use on the Rush. One was the NASA OPLE antenna, previously used on the 
Valiant; another was a circularly polarized turnstile antenna, consisting of 
four folded dipole elements bent to conform to the surface of a cylinder. It 
is pictured in Figure 7-2. Originally designed by Hughes Aircraft Company, 
it was built by the Coast Guard and designated the "Coast Guard antenna". 

The OPLE antenna has a bandwidth sufficient to receive on 135 MHz and trans- 
mit on 149 MHz, but the Coast Guard antenna bandwidth is not sufficient to 
cover both the transmit and receive frequencies. The Coast Guard antenna was 
tuned to the transmit frequency, 149 MHz. It is circularly polarized, omni- 
directional in the horizontal plane, and has essentially a dipole pattern in 
the vertical plane. Throughout the experimental program the OPLE antenna was 
used to receive signals from the satellites and the Coast Guard antenna trans- 
mitted from the ship to the satellites. The OPLE antenna has rather poor 
coverage to the horizon, while the Coast Guard antenna has rather poor coverage 
at high elevation angles. Estimates of the gain of the OPLE antenna and the 
Coast Guard antenna as used in the areas of the Rush operations ranged from 
about -6 to 0 dB. A third antenna, a three-element yagi that could be manually 
pointed to provide a higher gain than either of the other antennas was avail- 
able on the ship but only used infrequently to receive signals from a satel- 
lite. 


Transmission links to and from the ship were reliable except at headings 
of the ship where the antennas were shielded from one or the other of the satel- 
lites. Voice communications with the ship were reliable and of high quality. 
While the ship was at a San Francisco dock, it communicated with Shannon, 

Ireland through ATS -3. The ship transmitted through the Coast Guard antenna 
with only 60 Watts of RF output power. Shannon reported that the communica- 
tions were "5 x 5" - that is, strong and perfectly readable. At other times, 
the ship communicated from Ocean Station November through ATS-3 to Shannon, 
Ireland and to other ships in the Atlantic Ocean and the Coast Guard Labora- 
tories, as well as to the Radio-Optical Observatory. 

Mr. James R. Lewis of General Electric supervised the installation of the 
equipment on each of the two ships. He was aboard the Valiant while the tests 
described later in this report were conducted^ and he was present on the Rush 
while the equipment was tested and calibrated in the vicinity of San Francisco. 
No General Electric person was present on the Rush when it left San Francisco 
for Ocean Station November and Hawaii or after its return to San Francisco. 

The equipment was operated by the crew throughout the voyage. It did not re- 
quire any maintenance or adjustments. 


Tests with the Coast Guard Cutter Rush 

Tests with the Coast Guard Cutter Rush provided information on the long- 
term stability of the system and on factors that affect accuracy. The results 
indicate that: 

• There was no long-term drift of equipment calibration that contributed bias 
errors as large as those that could have been caused by satellite position 
prediction errors and the use of a crude ionospheric model. 
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CIRCULARLY POLARIZED TURNSTILE ANTENNA 



7-4 




• The commercial grade equipment used in the transponder together with the 

laboratory built responder and simple antennas performed reliably and without 
attention for more than two months at sea. 

The tone-code ranging transponder was installed on the Rush at San Fran- 
cisco. The time delay of the equipment after its installation was calibrated 
at 23:55 GMT on May 5 while the ship was under way in the Gulf of Farallons 
near San Francisco at 37°52 , 53" N and 122°09'02" W. On May 13 the ship was at 
the Alameda Administration Center dock in the Oakland Inner Harbor at the posi- 
tion marked in Figure 7-3 by the cross in the center of the right hand circle. 
The three triangles near the upper edge of the one nautical mile radius circle 
were fixes determined by ranging from the two satellites at 13:22 GMT on May 
13. The ship left San Francisco, spent three weeks at Ocean Station November, 
140° W and 30° N, approximately half-way between San Francisco and Hawaii. It 
then proceeded to Hawaii where its latitude was determined while it was docked 
at 20°21V N and 157°57' W on June 26. Range measurements were made from ATS-1 
and the latitude at which the lines of position crossed the longitude of the 
ship were computed and found to be: 


Position Fix, 

Time -GMT Flanging from ATS-1 


Position Stated 
By Coast Guard 


Position Error - nmi 


20:31:31 21°21'32" N 

20:31:37 21 20' 44" N 

21°20' 42" N 
21°21'07" N 


21°21' N Latitude determina- 

157°57' W tions bracket the 

stated latitude 
within ± 1 nmi. 


Ionospheric correction was not used in the latitude determinations. Its 
inclusion would have moved the lines of position south a few thousand feet. 


The ship returned to San Francisco and on July 10 it was again at the 
Alameda Administration Center dock, shown in the center of the right-hand 
circle of Figure 7-3. Satellite ranging fixes made at 1900 GMT on July 10 are 
shown as the dots near the lower edge of the one mile radius circle. On July 
21, the ship was at the San Francisco Central Basin Dock, in the center of the 
left-hand circle in Figure 3. The fixes, shown as small ovals, were made at 
1400 GMT. 


Each of the sets of fixes at San Francisco is biased from the true posi- 
tion. There is evidence that the bias errors were probably caused by errors 
in the predictions of the satellite positions. The satellites, which are in- 
clined slightly from a true equatorial orbit, each trace a Figure 8 pattern 
relative to the earth's surface. The Figure 8 pattern is traced in a 24-hour 
interval so that there is a diurnal change in the position of the satellite 
relative to any point on the earth' s surface. The actual range change during 
the one day period may be on the order of 100 miles. Every fix computation 
requires that the position of the satellites be known at the instant of time 
that the position fix is determined. An error of a few thousand feet in the 
knowledge of the satellite's position at that instant can produce a position 
fix error of approximately a nautical mile. 

The position fixes were based on satellite positions stated in NASA's 
ATS-1 and ATS-.3 acquisition tables. With NASA's cooperation, a check was made 
of NASA acquisition table accuracy as a function of time from their tracking 
epoch to see if prediction of the satellite positions could account for the 
fix errors. 
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The check with NASA confirmed that satellite predictions can account for 
fix errors of the magnitude observed. For example, the predicted positions 
of ATS-3 based on two epoch dates were as follows: 

Earth Center 

Position Distance 

Epoch Date Position Date Time GMT Latitude Longitude Nautical Miles 

6/13/70 7/8/70 2100 0.894° N 65.320° W 22742.04 

7/8/70 7/8/70 2100 0.894° N 65.299° W 22742.36 

If the predictions are in error, there will be a diurnal change in position 
fix errors. Ground reference transponders can provide a first order correc- 
tion, but none was used for the Rush fixes. 

A further contribution to fix error will result from the difference be- 
tween the actual ionosphere propagation delays at the time of the fix and the 
assumed propagation delays from the ionosphere model used in the POSFIX pro- 
gram. 


The biases in the position fixes are well within the limits of error that 
could be introduced by the combined effects of satellite position error and 
ionospheric propagation delay uncertainty, and there is no evidence of a sig- 
nificant long-term drift in the equipment calibration. 

There was no fixed reference transponder in the western United States at 
the time the tests were made with the Rush. A fixed reference transponder 
would have enabled us to obtain a first order correction for satellite posi- 
tion error and ionospheric propagation delay. One can conjecture on the basis 
of other evidence such as our measurements to the aircraft at Shannon, Ireland, 
where a reference transponder was used (Page 6-45 ), that the position fixes 
of the Rush would have been clustered about points much closer to the true 
positions of the ship if a ground reference transponder had been used. 

The bias errors are correctable by better tracking of the satellites and 
better estimates of the ionosphere. Both of these can be accomplished without 
the use of fixed reference transponders in the area to be served, but the use 
of the fixed transponders has been shown to be a convenient way of determining 
the corrections. The accuracy achieved, the certainty that bias errors can be 
corrected, and the precision of the measurements demonstrate that the accuracy 
of a narrow bandwidth VHF system for ships can be well within one nautical 
mile for operating periods longer than two months without adjustments or other 
attention to the ship-board equipment. 

Precision of the measurements is well within the limits expected for the 
experiments. While the three fixes on May 13 are clustered close together 
they are not sufficient in number to indicate precision. Sixty-eight fixes 
made on July 10 are all within a circle of 5,000 foot radius. Fixty-three are 
within a circle 0.5 nautical mile in radius. All but one of the thirty-nine 
fixes on July 21 were within one nautical mile radius. The essentially omni- 
directional antennas were poorly located on the ship, the transmitter power 
was 300 watts, and the antennas were located where they are subject to urban 
radio frequency noise environment and to multipath reflections from structures 
in the vicinity of the ship so that signal and environmental conditions were 
less favorable than expected at sea. 
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Each of the position fix measurements was determined from a single inter- 
rogation from Schenectady and a single response from the ship relayed through 
the two satellites. The averaging time of the phase measurements is approxi- 
mately 64 cycles of the 2.4414 kHz signal. (See Section 4). A longer aver- 
aging time on each interrogation or averaging the fixes for a number of inter- 
rogations would improve the precision of the position delays by the square 
root of the ratio of averaging time or the number of fixes averaged. The aver- 
aging time of each phase measurement is approximately 26 milliseconds. An 
averaging time of approximately 1/4 second or averaging ten of the position 
fixes would reduce the scatter of the fixes by a factor of three, so that the 
fixes would then be within approximately a 2,000 foot radius circle. 

The Rush left San Francisco on May 13, 1970, arrived at Ocean Station 
November on May 16, 1970, left Ocean Station November for Hawaii on May 29, 
1970, and was enroute back to San Francisco from Hawaii between July 4 and 8, 
1970. While the ship was at sea there were fifty-two periods of operation with 
the Radio-Optical Observatory through one or both satellites, totaling forty- 
five hours of operation, including ranging for position fixing and voice com- 
munications with the Observatory, with the Coast Guard Laboratories at Falls 
Church, Virginia and with other ships including another Coast Guard ship and 
the New Amsterdam in the Atlantic Ocean, as well as with other ground trans- 
ponders in the General Electric network including Shannon, Ireland and Gander, 
Newfoundland. The ship was in line-of-sight of ATS-1 during the entire cruise 
and was in line-of-sight of ATS-3 at Ocean Station November and beyond until 
it approached Hawaii. 

More than 4,500 ranging responses were received through both satellites 
and recorded, and are available for determining position fixes for the ship. 

Figure 7-4 shows a sequence of position fixes taken while the ship was 
enroute from San Francisco to Ocean Station November. Individual position 
fixes which appear to be in disagreement by more than a mile with a smooth 
track through the data points are marked with the time at which they were 
taken so that they can be distinguished from the other fixes. 

Three fixes were selected at random, one near the beginning of the period, 
one near the middle and one near the end. The only criterion for selection 
was that they be one of a sequence of fixes while the ship was responding con- 
sistently to all of its interrogations. The three fixes were plotted in Figure 
7-5 and found to fall on a straight line. The direction and length of the line 
were measured and show the ship to be on a course of 246 degrees at a speed of 
17.5 knots. The Rush reported its heading as 247° and its speed at 18 knots. 
The position stated by the Rush at 13:25 GMT with a resolution of one minute, 
or approximately one nautical mile, agrees with the satellite position fix 
within about 1.5 nautical miles. The position is plotted as the encircled dot 
in Figure 7-5. 

Many two-satellite ranging measurements were made to the ship while it was 
at Ocean Station November. The accuracy of the position fixes cannot be veri- 
fied because there is no accurate reference by which to compare them. The ship 
was equipped for LORAN A and OMEGA. Star fixes and sun lines were also used to 
determine ship 1 s position. Ocean Station November is not in a favorable part 
of the coverage area for either OMEGA or LORAN. 

One group of satellite fixes for the ship is plotted in Figure 7-6. Dur- 
ing a half hour period from 11:30 to 12:00 GMT on May 25, approximately 250 
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5/14/70 POSITION FIXES OF RUSH WHILE UNDERWAY AT SEA 


SATELLITE TRACKING OF RUSH UNDERWAY AT SEA 
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SATELLITE FIXES OF RUSH DRIFTING AT OCEAN STATION NOVEMBER 

5/25/70 


29°58 



29°57' 


29°56 



11:58:20 GMT 


O 




Longitude 


Approximately 50 fixes computed from approximately 250 
satellite returns (every fifth one). Time sequence of 
fixes indicates 1.5 minute northward drift in 27 minutes. 
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interrogations provided range measurements from the two satellites from which 
position fixes could be computed. The computer was instructed to determine a 
fix position from every fifth pair of range measurements, and these are plot- 
ted in Figure 7-6. The position fixes are scattered approximately ±0.5 mile 
in an east and west direction and the time sequence of the fixes indicates 
that the ship drifted northward about 1.5 minutes, that is about 1.5 nautical 
miles, during the 27 minute period between the first and last fixes. 


Tests with the Coast Guard Cutter Valiant 

Tests with the Valiant were conducted in June and July of 1969. The trans- 
ponder was shipped to Galveston, Texas on June 20, 1969. It was installed on 
the ship and operated without adjustment. 

Good voice communications were relayed through ATS-3 between the Valiant 
and the Radio-Optical Observatory at Schenectady. The equipment was tested 
with the ship at its berth with a southerly heading on June 27, 1969. Inter- 
rogations through ATS-3 had a standard deviation as small as 0.7 microsecond. 
While the ship was being interrogated through ATS-3 on June 27, the FAA C-135 
aircraft, N96, made a voice call through the satellite which was received at 
Schenectady while the interrogation of the Coast Guard ship was in progress. 

The aircraft stated that it was on the runway in the Azores, ready for take- 
off, and requested that range measurements be made on the aircraft until it 
was airborne. The tone-code generator and correlator were switched to the 
aircraft code at the Observatory and successful range measurements were made 
to the aircraft as it proceeded down the runway and became airborne. Inter- 
rogation of the Coast Guard ship at Galveston was then resumed by switching 
back to its address code. The unplanned exercise demonstrated the voice and 
ranging compatibility of the tone-code ranging technique, as well as the abil- 
ity to interrogate one user while another user' s transponder was turned on and 
receptive to interrogations. The ability was verified many times in later tests. 

On July 1, 1969, the Valiant sailed the track shown in Figure 7-7. Course 
changes and other aspects of the test were coordinated by voice communication 
through the satellite between the Observatory and the ship. While underway, 
the ship sailed at 15 knots. Its location was determined at one-minute inter- 
vals by radar measurements relative to two oil rigs at known positions A and 
B. In addition to straight-line courses at various headings, the ship sailed 
three complete circles; each circle was approximately one mile in diameter. 

Except during short periods of voice communication, the ship was interro- 
gated through one of the satellites at three-second intervals. Responses from 
the ship were relayed back through both satellites to the Observatory. Most 
of the interrogations were made through ATS-3. It was also successfully interA- 
rogated through ATS-1, although the percentage of responses was lower for ATS-1 
interrogations because of the relatively poorer down-link from ATS-1 to the 
ship. 


Figures 7-8 and 7-9 show the ranging time intervals for the satellites 
ATS-1 and ATS-3 as the ship sailed the circle shown in Figure 7-7 between the 
times 03:03:00 and 03:18:00 GMT. The number of returns as well as the magni- 
tude of the variations of the time intervals clearly shows the effect of the 
mast and perhaps other ship structures on the antenna pattern. The performance 
changed with ship heading so the dataware examined separately for short time 
intervals during the circle. 
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FIGURE 7-7 


TRACK OF JULY 1, 1969 SHIP TEST 
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COAST GUARD CUTTER VALIANT AT SEA DURING SECOND TURN - 7/1/69 
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A plot of fix precision was made for each time interval. These are 
shown in Figures 7-10 through 7-15. The fix precision plots were constructed 
by first computing a best fit curve to the plots of Figures 7-8 and 7-9. 

Lines of position for ATS-1 and ATS-3 were then plotted for the two returns 
from each individual interrogation. The intersection of the two lines of 
position is shown as a small circle. Each line of position was constructed 
at right angles to the azimuth toward the satellite with the line of posi- 
tion advanced or retarded by an amount proportional to the displacement of 
the range measurement from the best fit curve. The scale factors were cal- 
culated to take into account the projection on the earth of the range measure- 
ment for the elevation angle to the satellite. Each small circle is a measure 
of fix precision including the effects of instrument measurement resolution, 
time delay variations in the instrumentation with signal amplitude or detuning, 
the effects of noise on the signal and geometrical dilution of position. It 
does not include bias errors due to the ionosphere, error in the estimates of 
the satellites' positions or in the estimate of equipment time delay. 

During the first period from 03:03:00 to 03:14:18 GMT, the signal paths 
were relatively good. Only one of the twenty-six fix estimates falls outside 
of a one nautical mile radius circle. The period from 03:04:20 to 03:07:00 
GMT had generally good signal levels but there are several points which are 
displaced farther from the best fit curve than is typical of the previous or 
following time periods. The reason has not been definitely assigned but it 
is most probable that it represents a known characteristic of the receiving 
equipment. The receivers exhibited a change in time delay of 5 to 7 micro- 
seconds with changes in received signal level. A comparison of the range 
measurements for ATS-1 and ATS-3 as shown in Figures 7-8 and 7-9 reveals 
that the displacement of the range measurements is highly correlated in the 
returns from the two satellites, indicating that the variance in time delay 
occurred in the receiver on the ship as it received the interrogation signal 
from ATS-3. Because the error causes an advance or delay in the transmission 
of the response from the ship, it adds or subtracts an equal delay to the 
returns from the two satellites. The range difference of the measurements 
remains unchanged and therefore the fix errors tend to lie along a hyperbolic 
line of position. The effect is clearly evident in Figure 7-11 where the 
position fixes are concentrated along a generally north-south line. 

The period from 03:07:03 to 03:08:18 GMT was characterized by good signal 
levels, small standard deviation of the measurements, and fixes lying within 
a 1 nautical mile radius. Between 03:08:30 and 03:11:54 GMT the ship was at a 
heading such that the antenna was partially shielded from ATS-3 by the ship's 
mast. The standard deviation of the measurements was relatively high. Again, 
the position fixes are concentrated along the hyperbolic lines of position. 

The antenna was again in view of both satellites between 03:11:57 and 03:14:09 
GMT. Standard deviations were low and the fix precision was good. From 
03:14:15 to 03:17:39 GMT the antenna was shielded by the mast from ATS-1. The 
loss in signals to ATS-1 is evident in Figure 7-8. The interrogation signal 
from ATS-3 was not received well and the scatter of the range measurements 
are biased in one direction relative to the data received at good signal 
levels, suggesting that the signal levels as received during the period were 
in part of the receiver's dynamic range to cause a change in time delay through 
the receiver. The cause of the changing time delay through the receiver was 
traced to the limiter. 
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FIGURE 7-10 


FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 

1 July 1969, 03 03 00 - 03 04 18 GMT 


Ship Heading: S 

27 Interrogations 
26 Dual Responses 


N 
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FIGURE 7-11 


FIX ERROR DISTRIBUTION Ship Heading: S to SW 

USCGC VALIANT (WMEC-621) 54 Interrogations 

1 July 1969, 03 04 20 - 03 07 00 GMT 48 Dual Responses 


N 



7-17 


FIGURE 7-12 


FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 

1 July 1969, 03 07 03 - 03 08 18 GMT 


Ship Heading: W 

26 Interrogations 
17 Dual Responses 
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FIGURE 7-13 


FIX ERROR DISTRIBUTION Ship Heading: W to NW 

USCGC VALIANT (WMEC-621) Antenna Shielded From ATS-3 

1 July 1969, 03 08 30 - 03 11 54 GMT 71 Interrogations 

37 ATS-1 Responses 
27 ATS-3 Responses 
22 Dual Responses 


N 



AZIMUTH 117* 
ELEVATION 29* 
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FIGURE 7-14 


FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 

1 July 1969, 03 11 57 - 03 14 09 GMT 


Ship Heading: NNE 
44 Interrogations 
40 Dual Responses 


N 
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FIGURE 7-15 


FIX ERROR DISTRIBUTION Ship Heading: NE-E-SE 

USCGC VALIANT (WMEC-621) Antenna Shielded From ATS-1 

1 July 1969, 03 14 15 - 03 17 39 GhTT 70 Interrogations 

46 Responses from ATS -3 
17 Responses from ATS-1 
15 Dual Responses 


N 
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SECTION 8 


BUOY TESTS 


The first tone-code ranging transponder that was placed at a remote loca- 
tion and interrogated through a satellite was on a deep moored buoy anchored 
off Bermuda with checkout and harbor test in February /March and deep moored 
test in April/May of 1969. The experiments were supported by the Office of 
Naval Research under contract N00014-68-C0467 and by the General Electric 
Company's Ocean Systems Programs. The General Electric experimental buoy, 

Sea Robin, was modified to serve as a support test platform for the compre- 
hensive experiment. Three basic communications experiments were conducted in 
this program. Each experiment was supplied by a different organization and 
integrated into the buoy and its support subsystems by General Electric Ocean 
Systems. NASA's Goddard Space Flight Center provided the OPLE (Omega Position 
Location Experiment) Platform Electronics Package. The OPLE Control Center in 
Greenbelt, Maryland periodically interrogated the package through the ATS-3 
satellite and read out the OPLE data. A Company- sponsored direct link experi- 
ment transmitted data on four HF links from the buoy to a receiving station at 
General Electric's Electronics Laboratory in Syracuse, New York. Field sup- 
port was provided by the U.S. Navy Underwater Sound Laboratory at TUDOR HILL, 
Bermuda and by the U.S. Naval Station, Bermuda. Ship services were furnished 
by the Geophysical Field Station of Columbia University at St. Davids, Bermuda. 


Tone-Code Ranging and Data Readout 

During the period February through May of 1969 the buoy was tested ashore, 
in the harbor, and at a deep sea mooring near Bermuda, at 32°10'00" N, 64°55' 
30" W. Tone-code interrogating signals addressed to the buoy were transmitted 
from General Electric's Radio-Optical Observatory near Schenectady, New York 
to NASA' s Applications Technology Satellite, ATS-3. The satellite repeated 
the interrogation. The buoy received the signals, recognized its own address, 
and responded with a tone-code signal followed by a data transmission. The 
satellite received and retransmitted the buoy' s response, which was received 
at the Observatory. Propagation time measurements were made to determine the 
range from the satellite to the buoy, and the sensor data readouts were re- 
corded on magnetic tape. The complete interrogation and response, including 
the ranging time measurement and data recording, were completed in little more 
than one second. Many independent measurements and data recordings were ob- 
tained by interrogating the buoy each three seconds. 

Equipment on the buoy consisted of a small mobile radio-receiver of the 
type used in police cars and taxi-cabs, a solid-state RF power amplifier of 
120 Watts output, a solid-state "tone-code" ranging responder 6 inches by 8 
inches by 10 inches in size, means to couple the responder to the digital sen- 
sors, and dipole antennas. As the buoy was in view of only one satellite, the 
range measurements provided only lines of position. The accuracies of the 
lines of position were determined by computing the latitude at which they 
crossed the known longitude of the buoy, and comparing the results with the 
known latitude. 

All objectives of the experiment to read data and locate the buoy by 
satellite were fulfilled, and the following results were obtained: 
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c The buoy was interrogated with its individual address through the satellite 
and it responded with a verification of its address, a signal from which its 
location could be determined, and a readout of its sensor data in digital 
form. 

• Data readout of more than one complete frame of bits at 305 bits per second, 
or more than eight complete frames of bits at 2.4414 kilobits per second was 
accomplished in 1.25 seconds with an RF transmission energy of 200 Watt- 
seconds. 

• Under best signal conditions of the experiment, the digital error rate was 
3. 3x10 "2 at 2.4414 kilobits per second. The number of bits available for 
analysis at 305 bits per second was not sufficient for a statistical evalua- 
tion; a burst error caused the loss of two bits in the 4496 analyzed. Ex- 
trapolation from the 2.4414 kilobits per second rate based on laboratory 
tests with random noise interference, suggests bit error rates at 305 bits 
per second will be as low as 10"® at the best signal-to-random-noise condi- 
tions of the test. 

© Line-of -posit ion measurements within 4= 1 nautical mile, 1 sigma of the lati- 
tude of the buoy mooring were accomplished with an RF transmission energy of 
less than 50 Watt-seconds per measurement. Largest deviations of any of the 
759 determinations were 3.25 nautical miles north and 2.75 nautical miles 
south of the mooring latitude. Winds and currents moved the buoy from south 
to north of the mooring, and the measured positions follow the motion ex- 
pected from the wind. Diurnal variations in measurements suggest that bet- 
ter knowledge of the ionosphere and the satellite position would improve 
line-of-position accuracy to approximately ± 0.5 nautical mile, 1 sigma. 

Ranging and data readout performance were observed under varying signal 
and environmental conditions. Information obtained during the experiment pro- 
vided engineering data for systems that would accomplish rapid, reliable data 
readout and location of each buoy in a large number of buoys deployed over en- 
tire oceans. The small size and low energy requirements of the tone-code tech- 
nique make it attractive for air-droppable buoys with long unattended life. 

The use of solid-state conventional components and circuits minimize cost and 
contribute to reliable performance. 

A block diagram of the buoy subsystem is shown in Figure 8-1. The buoy 
VHF antenna (Figure 8-2) design provides for a beamwidth of 100 degrees with a 
nominal gain of +3 dB 50° off the horizontal! Polarization diversity is de- 
sired on the buoy to assist in evaluating VHF propagation as affected by multi- 
path (as a result of sea state/buoy motion), and Faraday rotation of the trans- 
mitted polarization. The antenna consists of four sets of 11 V" shaped dipole 
elements located 90° apart with opposite elements used as a pair for a given 
polarization. The desired pattern shape is controlled by varying the distance 
between the elements and a five foot ground plane, and the elements' inclina- 
tion angle from the local vertical. Antenna. patterns are shown in Figures 8-3 
and 8-4. 

The antenna pair to be used at any time is controlled by the VHF antenna 
coupling network. It consists simply of an interconnection of RF switching 
and control relays. The network provides complete flexibility to select trans- 
mission and reception on either polarization, or reception on one and trans- 
mission on the other. 
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FIGURE 8-2 


POLARIZATION DIVERSITY AND ANTENNA ARRAY 
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FIGURE 8-3 

140 MEGACYCLE E0 ANTENNA PATTERN 
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FIGURE 8-4 

140 MEGACYCLE E0 ANTENNA PATTERN 
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The outputs of the coupling network are combined in a hybrid before they 
are presented to the buoy ATS FM receiver. The solid-state receiver used in 
the experiment is a modified receiver half of a standard General Electric 
mobile radio transceiver. Modifications included the removal of the receiver’s 
de-emphasis and output filter networks and the addition of an AGC circuit and 
associated telemetry monitoring point. The detected output in the form of the 
gated 2.4414 kHz sine wave is presented to the ATS transponder. 

The ATS transponder consists of an address decoder, phase matcher, stable 
oscillator, divider, and gating circuit. Within the transponder the phase of 
the incoming synchronizing tone burst is compared to the phase of a locally 
generated 2.4414 kHz signal derived from a highly stable source. The phase 
matcher adjusts the phase of the local signal to agree with the received sig- 
nal. This phase matcher adjusts the phase of the local signal to agree with 
the received signal. This phase-matched local signal provides the necessary 
modulating, synchronizing, and gating signals for the complete buoy subsystem 
response. Once phase match has occurred, the transponder is conditioned for 
receipt and detection of the 30 bit digital address. This is accomplished in 
the address decoder which consists of a shift register and summing circuit 
prewired for the particular address. 

Upon address recognition, a precise time delay is introduced for the pur- 
pose of switching from the receive to transmit mode of operation. At the com- 
pletion of this switching operation, the phase-matched, locally generated 
2.4414 kHz signal is outputted to the transmitter. This is followed by the 
30 bit reconstructed address code. The modulation format takes the same form 
as that used for the interrogation signal. 

At completion of the reading out of the address code, the subsystem is 
prepared for the transmission of one frame of PCM telemetry data. At this 
time, clock and control signals are forwarded to the multicoder for the pur- 
pose of resetting and synchronization of the multicoder. Upon receipt of 
these signals, the multicoder switches from internal clock to the transponder 
clock and resets itself to the beginning of the frame. The data frame is for- 
warded to the transponder in an NRZ format in 1.1 seconds. In the transponder, 
the data, at a bit rate of 1/8 the address code rate, modulates the 2.4414 kHz 
signal in the same manner as the address code. This modulated signal is for- 
warded to the transmitter. At the completion of one frame of data, the multi- 
coder generates an end of frame pulse that initiates the sequence of events 
that terminates the buoy transmission. Upon receipt of the end of frame pulse, 
the clock and control signals to the multicoder are removed and the data input 
line disconnected. The multicoder reverts to internal clock. The transponder 
completes the buoy response by resetting the subsystem back to a receive mode 
of operation to await the next interrogation signal from the satellite. 

The solid-state oscillator-driver that forms the basis for the RF trans- 
mitter for the experiment is the transmitter section of the mobile transceiver. 
The FM modulated 35 Watt RF power output of the transceiver is split in a 
power divider and its outputs used to drive two 55 Watt solid-state power am- 
plifiers.' These outputs are combined in the VHF antenna coupler to drive the 
selected pair of antenna elements in such a manner as to provide an effective 
radiated output power of 110 Watts. 

? 

Communications margins for the buoy-satellite link were computed in the 
early design phase of the experiment. For the assumed parameters, these cal- 
culations indicated a 6.8 dB margin for the satellite-buoy link and a 2 dB mar- 
gin for the buoy-satellite link. These calculations are tabulated in Tables 
8-1 and 8-2.' 
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TABLE 8-1 


ATS MARGIN - DOWN LINK 


MS56 Receiver Sensitivity = 0.25 |i> volts E1A 12 dB 

= 1.24 X 10 - 15 watts 
= -150 + 1.0 dB 
= -149.0 dBw 


Path loss @ 136 MHz and 22,500 miles = 166.7 dB 


System Losses 

Path Loss 
Satellite Losses 
Buoy Losses 


= 166.7 dB 
= 1.5 dB 
« 1.5 dB 


Total Losses 


169.7 dB 


System Gains 


Transmitted Power 

= 16.0 

dBw 

Satellite Antenna Gain 

= 8.5 

dB 

Buoy Antenna Gain 

= 3.0 

dB 

Total Gains 

= 27.5 

dBw 


Received Signal Power = -169.7 dB + 27.5 dBw 

= -142.2 dBw 


System Margin = -142.2 dBw - (-149.0 dBw) 
= 6.8 dB 


ATS Down Link Margin = 6.8 dB 
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TABLE 8-2 


ATS MARGIN - UP LINK 


System Gains 

Radiated Power = P t dBw 

Buoy Antenna Gain =3 dB 

Satellite Antenna Gain = 8.5 dB 


Total Gains =11.5 + P dBw 

Satellite Receiver NF = 3.5 dB 

Path Loss = 167.5 dB @ 149.2 MHz and 22,500 miles 


Satellite Receiver NBW = -154 dBw (100 KHz) 


System Losses 

Path Loss = 167.5 dB 
Satellite Losses = 1.5 dB 
Buoy Losses = 1.5 dB 


Total Losses = 170.5 dB 


For a 10 dB SNR in the 100-KC Satellite Receiver IF 

P + 11.5 dB - 170.5 dB = -154 dBw + 3.5 dB + 10 dB 

P = -140.5 dBw + 159 dB = 18.5 dBw 
or 

P = 71 watts for a 0 dB margin 

Actual transmitter power is 110 watts which corresponds to 
a 2 .0-dB margin. 


ATS Up Link Margin = 2.0 dB 
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Buoy Interrogation and Data Readout 


For the data transmission, the buoy sensed nineteen housekeeping, weather 
and oceanographic conditions. Each data transmission totaled 336 bits. Data 
were transmitted directly by telemetry to a van on shore at Bermuda which 
also commanded functions aboard the buoy and monitored its position by radar 
and telescope. 

Data transmission through the satellite was accomplished by the use of the 
transmitter-receiver-responder unit used for the VHF ranging experiment. A 
data transmission followed each range interrogation as shown in Figure 8-5. 

Two data rates were tested, 2.4414 bits per second and 305 bits per second. 

At the higher rate, a "one" bit was formed by transmitting an audio cycle, a 
"zero" by suppressing a cycle. At the lower rate, eight audio cycles were 
transmitted for a "one", and eight suppressed for a zero. A complete response 
from the buoy consisted of the transmission of 1024 cycles at 2.4414 kHz fol- 
lowed by the address code, consisting of 30 bits at the 2.4414 rate, and the 
address code followed by a 1.25 second data transmission to accommodate slight- 
ly more than one complete data frame at the low rate. The radio frequency 
energy transmitted from the buoy was approximately 50 Watt-seconds for the 
ranging signal (120 Watts for 0.43 second) and 150 Watt-seconds (120 Watts 
for 1.25 seconds) for the data transmission. 

The transponder aboard the Sea Robin consisted of a 35 Watt, solid-state 
FM mobile radio transmitter-receiver with a 120 Watt solid-state amplifier, 
and the first experimental responder unit for phase matching, address corre- 
lating, clocking for the digital data readout, and switching of the receiver 
and transmitter. Despite the early state of the responder development, it 
performed reliably throughout the test at the mooring. The tests confirmed 
the advantages of the tone-code ranging technique. 

The satellite antenna is linearly polarized. Horizontal and vertical 
linear, and circular polarization were available at the Radio-Optical Observa- 
tory. Sea Robin had two linearly polarized antennas mounted at right angles 
with a switching arrangement to permit transmission and reception on either, 
or reception on one and transmission on the other. These antenna arrangements 
were designed so that information could be obtained about the difference in 
Faraday rotation between the up-link frequency of 149.22 MHz and the down-link 
frequency of 135.6 MHz. Separate receive and transmit polarization angles 
were not available at the Observatory during the test period. The capability 
was added later. A difference of approximately 90 degrees in the Faraday ro- 
tation of polarization at the two frequencies was observed frequently, making 
it desirable to receive on one linear polarization and transmit on the other. 

A switching sequence was deliberately introduced at the buoy to observe the 
effect, resulting in an anticipated failure to respond to some interrogations. 

When the buoy was on station, it was determined that the means for mea- 
suring received signal amplitude was not sensitive enough for a positive 
selection of the best receive polarization. As a result, the test was less 
effective than planned, although useful. One receive polarization was used 
nearly all of the time, resulting in a smaller ratio of responses to interro- 
gations than would have been obtained had the best receive polarizations been 
selected for all test periods. 

Ranging interrogation periods for Sea Robin totaled 222 minutes between 
February 13 and May 22, 1969. Full-scale operation testing began on April 13 


8-10 



FIGURE 8-5 


RANGING AND DATA READOUT SIGNALS FROM SEA ROBIN 



The compatibility of tone-code ranging 
with digital communications was demonstrated 
by transmitting sensor data from the buoy in 
digital form using the clock of the tone- 
code responder. A sample read-out is record- 
ed at left. 

At the top of the page is the last half 
of the tone-code interrogation as it was re- 
ceived at the Radio-Optical Observatory. 
During this time it was also being received 
by Sea Robin and the tone was used to phase 
the local tones in the buoy and the Observ- 
atory. The code at the end of the tone is 
evident in the recording as a pattern of 
2.4414 kHz transmitted and suppressed cycles. 
Correlation of the code identifies Sea Robin 
and provides a timing pulse for the start of 
the ranging time interval. Receiver noise is 
evident for the time interval representing 
the built-in time delay in Sea Robin, The 
Sea Robin return signal quiets the receiver 
and the tone reception follows. After the 
tone, the address code is received and cor- 
related. The time between correlations of 
the address code at the Observatory is the 
ranging time interval. Following the code 
from Sea Robin is a portion of the data 
read-out at 

" IT ” *** 305 bits per second 

with eight transmitted cycles representing 
a digital one and eight suppressed cycles 
representing a digital zero. Sensor data 
were also successfully transmitted at the 
2.4414 kHz rate by transmitting a single 
audio cycle for a one and suppressing a 
cycle for a zero, as in the address code 
transmission. 


8-11 



when the buoy was anchored 6.5 miles south of Bermuda in 4272 feet of water. 
Operation of the system continued .periodically until May 30, 1969 when testing 
was terminated and the buoy and complete mooring were recovered. While at the 
deep sea mooring, an interrogation period was three minutes long with an inter- 
rogation to the buoy each three seconds. Each interrogation period was pre- 
ceded by a 30 second tone transmission from the ground station through the 
• satellite. The signal was received in the control van at Bermuda, where the 
best of two linear polarization angles was determined. The Sea Robin VHF an- 
tenna was then switched by command from the van to select the best of the two 
polarization choices for reception. The buoy was equipped to receive on either 
polarization and transmit on the same or the orthogonal polarization. 


Ranging and Positioning 

Range measurements had a standard deviation of approximately 2.0 micro- 
seconds, as shown in Figure 8-6 representing a ranging precision of approxi- 
mately 1000 feet and a line-of-position precision for Sea Robin of approximate- 
ly 1400 feet. Distribution of the measurements appears to be Gaussian, sug- 
gesting that averaging a number of measurements would improve precision. For 
example, the average of ten measurements would improve the line-of-position 
measurement precision to approximately 500 feet. 

Accuracy is affected by residual variations in biases that cannot be esti- 
mated for a particular measurement. The largest bias error contribution for 
Sea Robin is the ionosphere. Another significant error is equipment time delay 
change with signal amplitude. The ionosphere and the particular receiver type 
used in the experiment can each contribute several microseconds uncertainty to 
a range measurement. 

Receivers at the Schenectady Observatory were later improved by the sub- 
stitution of different limiters that reduced their time delay variation with 
signal amplitude from approximately 7 microseconds over their dynamic range to 
less than one microsecond. The original, unimproved receivers were used during 
the Sea Robin tests. 

Range measurements were converted to latitude determinations by the use of 
the LATCOM computer program. The program requires values for equipment time 
delays and ionospheric corrections. It was not feasible to make an accurate 
calibration of equipment time delay prior to deployment of the buoy because 
all components were not available in their final integrated form at the labor- 
atory in Schenectady prior to shipment. It was therefore necessary to calibrate 
equipment time delay with the buoy on station at Bermuda. Range measurements 
made during one interrogation period were used with an estimated equipment time 
delay to determine the latitude, and the time delay estimate was changed to 
correct the result. It is important to note that the equipment time delay thus 
determined was used for all other latitude determinations made from Sea Robin 
range measurements. The correctness and constancy of the latitude determina- 
tions over the period from April 14 through 25 while the buoy was unattended 
at sea, while it was in the harbor earlier in April and at sea again on May 9 
and 10, indicates that the calibration was correct and that there was no de- 
tectable change in calibration over the period. 

Corrections for the ionosphere were determined from the model described 
in Appendix II. There is evidence of another diurnal effect on range measure- 
ment due to a small uncertainty in the knowledge of the satellite position. 
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LATITUDE IN DEGREES, MINUTES AND SECONDS 


FIGJJRE 8-6 


RANGING AND POSITIONING 


DATE AND TIME ICMTI OF TEST PERIOD 
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Figure 8-6 is a plot of all the 759 latitude determinations made during 
the period from April 14 through 25. They are plotted as histograms, one for 
each of the 33 three-minute interrogation periods. Calendar day and time of 
day are indicated for each period. The standard deviation of the latitude 
determinations referenced to the mooring latitude. is approximately* 1 nmi, 

1 sigma. The largest displacement of any measurement is approximately 3.5 nmi. 
north and 2.8 nmi south of the mooring. Only one measurement was more than 2 
nmi north or the mooring. However, the buoy was free to move at least several 
thousand feet relative to its mooring. If the mooring line could have been 
pulled straight, the buoy could have moved over a one mile radius from its 
mooring. The magnitude of the latitude deviations from the mooring do not de- 
fine the accuracy of the latitude determinations. 

Median values for each interrogation period were determined. These are 
indicated by the arrowheads on Figure 8-6 where they are plotted as a function 
of time of day and calendar day. 

The long term trends in latitude measurement are shown by the triangles 
in Figure 3-7. Each triangle, plotted at midday, is the average of the median 
values for the day. The averages are plotted only for the days on which there 
were several interrogation periods. A single interrogation period in a day 
could not be taken as an average because it does not include diurnal effects. 
Wind direction and velocity for four times each day are also plotted on Figure 
8 -7. The winds were measured by the Navy at Argus Island, 15 miles WSW from 
the buoy mooring. They are believed to represent the wind conditions at the 
buoy location. It is reported that there is a current flowing from southwest 
to northeast at the buoy location. However, the wind is expected to be the 
dominant influence on the position of the buoy relative to its mooring. 

The drag of the mooring line and the small cross section of the buoy ex- 
posed to the wind result in a slow response to changes in wind direction. The 
buoy can be expected to change its position relative to the mooring only in 
response to long-term changes in average wind direction. The average latitude 
determinations appear to correlate with the average wind conditions, suggest- 
ing that the satellite range measurements tracked the motion of the buoy rela- 
tive to its mooring. The buoy was under radar surveillance from Bermuda, but 
the radar did not have sufficient resolution to measure its changes of posi- 
tion. An attempt was made to observe the buoy's position from shore with a 
telescope, but fog and other observation difficulties prevented its effective 
use. The measurements from the satellite are thus the only available evidence 
that the buoy did swing at its mooring under the influence of the wind. 

Diurnal effects on the latitude determinations are clearly evident in 
Figure 8-8 where the 33 median values taken over the 12 day period are plotted 
as a function of time of day. Corrections for the ionosphere were taken from 
the model of Appendix II, and varied from a minimum of 625 feet at night to a 
maximum of 2325 feet in the daytime. 

If the satellite was perfectly geostationary, the buoy did not move, and 
no correction was inserted for the ionosphere, the longer delay through the 
ionosphere during the day would cause a diurnal variation that would displace 
the measured latitude toward the north in the daytime. The ionosphere model 
in the computer program is intended to correct for the diurnal change in radio 
propagation path delay and result in improved accuracy through the day. 
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ESTIMATED BUOY POSITION 
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TRIANGLES ARE AVERAGE OF MEDIAN POSITIONS FOR DAYS INDICATED 


DIURNAL VARIATION OF LATITUDE MEASUREMENT ERROR 
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Figure 3-7 shows that the latitude determinations in the daytime hours 
are south of the nighttime determinations, as would be the case if the iono- 
sphere model estimated a diurnal change in path delay that is larger than the 
actual change. However, an examination of the magnitude of the change shows 
it to be larger than the total ionosphere correction inserted by the model. 

Some other diurnal effect must have affected the latitude determinations. 

The satellite position is the only other factor with a diurnal variation 
that we can identify. The satellite orbit is slightly inclined to the earth's 
equatorial plane so that the sub-satellite point traces a figure-eight pattern 
on the earth, moving north and south of the equator, with a 24-hour period. 

On April 14 the maximum northward excursion of the satellite was 0.313 degree 
at approximately 14:30 GMT, and the maximum southward excursion was also 0.313 
degree at approximately 02:30 GMT. By April 25 the motion had changed slightly 
to maximum north and south excursions of 0.286 degree at 14:00 GMT and 02:00 
GMT respectively. It is interesting to note that the extremes of the latitude 
displacements occur at corresponding times, although the times at which the 
satellite had its greatest and least earth center distances do not correspond 
to these times. Uncertainty in earth center distance could also affect the 
latitude determinations. On April 14, the earth center distance varied from 
a maximum of 22,756.4 nmi at 05:30 GMT to a maximum of 22,749.2 at 17:30 GMT, 
and on April 25 from 22,756.8 nmi at 05:30 GMT to 22,750.2 nmi at 17:00 GMT. 

If the ionospheric correction was of the right magnitude, there is a re- 
sidual diurnal variation of approximately ± 3,000 feet, representing an impre- 
cision of approximately ± 0.01 degree at the extremes of the satellite posi- 
tions. The imprecision could be due to computer round-off in our linear in- 
terpolation between the half-hourly satellite position predictions of NASA, to 
inaccuracy in the predictions, or to a combination of such factors. 

Figure 8-6 plots the latitude determinations as actually measured. It 
does not indicate the accuracy of measurements because the buoy was free to 
move relative to its mooring. If the average change in the latitude measure- 
ments, shown in Figure 8-7, represent the actual motion of the buoy, accuracy 
of the latitude determinations can be estimated by comparing the latitude de- 
terminations with the buoy latitudes as shown by the dashed line in Figure 
8-7. A histogram of the latitude determinations plotted relative to the 
estimated positions of the buoy is presented in Figure 8-9. The accuracy indi- 
cated by the plot is approximately ± 0.7 nautical mile, 1 sigma. 

The accuracy estimate of Figure S-9 includes the diurnal effects shown 
in Figure 8-8. The dominant diurnal effects are believed to be due to impre- 
cision in ionosphere delay estimates and the satellite reference positions. 

An estimate of the line-of-position accuracy that would be achieved in an 
operational system is obtained by shifting the data points of Figure 8-10 to 
correct for the diurnal effects as estimated from the dashed curve of Figure 
8 -8. The resulting histogram, Figure 8-10, has a standard deviation of ap- 
proximately ±0.5 nmi., 1 sigma and is believed to represent the accuracy that 
can be achieved in an operational system, even if the equipment, techniques, 
and signal conditions are no better than they were in the April 14 through 25 
Sea Robin test. 

Analysis of the number of responses as a function of buoy attitude re- 
vealed that the antenna was adequate to respond to the satellite interrogations 
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FIGURE 8-10 

ESTIMATE OF RESIDUAL ERRORS AFTER CORRECTION FOR IONOSPHERE AND 
SATELLITE POSITION UNCERTAINTY ( ESTIMATED ACCURACY IF CALIBRATION 

STATION HAD BEEN USED ) 
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over a change in pitch or roll greater than ±, 20 . This is shown in Figure 
8 -11, where the ratio of responses to interrogations is seen to be constant 
over a ± 20P change in pitch or roll. The bias in each is attributed to the 
latter few days of the test period when the buoy was tilted slightly. Normal 
pitch and roll of the buoy stayed within ± 15°. 

The buoy had the capability of vertical or horizontal receive polariza- 
tion and vertical or horizontal transmit polarization. All four combinations 
were possible. During the first thirty seconds of each satellite test period 
a continuous tone was received from the satellite. During the tone both ver- 
tical and horizontal polarizations were sampled to determine the best receive 
polarization by measuring AGC level. During the entire test of the buoy, 
there was little difference in AGC level for the two different receive polar- 
izations. The same receive polarization was selected for most of the test 
periods. It would be expected that in general, a significant difference in AGC 
level would be observed due to Faraday rotation. There is some indication 
that the AGC measurement was not sufficiently sensitive to permit the optimum 
polarization to be selected. This could have affected the results considerabl 
by reducing the number of responses to the interrogations as well as the ac- 
curacy of the range measurement due to the poorer signal quality into the tone 
code responder in the buoy. 

The transmit polarization was changed mid-way through each three minute 
test period. The effect of this was clearly observed at the Observatory. The 
second half of the test period was predominantly the best. Of the total de- 
tectable responses, 55 percent of them occurred during the second half and 45 
percent during the first half of the test period. The quality of the returns 
however was generally the same. It was expected that the effects of transmit 
polarization would be random and that the percentage of returns for the first 
and second half would be the same when totaled for the entire test period. 
Furthermore, if the greater percentage of detected responses in the second 
half was due to transmit polarization, it would be expected that the overall 
quality of the returns would also be improved. All of this gives some verifi- 
cation to a previous, unproven observation that the gain of the receiving an- 
tenna was affected by the state of the transmit polarization switching arrange 
ment . 

The number of detected responses to interrogations or the quality of the 
detected responses did not show any significant change over the entire test 
period, indicating the buoy electronics remained at a constant level of per- 
formance. 

The number of detected responses to interrogations or the quality of the 
detected responses showed no significant correlation to the state of the iono- 
sphere. 

It was demonstrated that 50 Watt-seconds (120 Watts for 0.43 second) of 
transmitted radio frequency energy from the buoy are adequate for a range mea- 
surement through the ATS-3 satellite. In fact, tests showed that the duratior 
of the transmission could be introduced to approximately one-half the 0.43 
second used in the tests, reducing the needed transmitted energy proportion- 
ately. If the return was relayed by ATS-1 as well as ATS-3, a position fix 
could be determined with that small energy. For Sea Robin, an additional 150 
Watt-seconds was transmitted to relay more than a complete frame of the 320 
bit digital data readout on each response. 
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Communication Reliability 


Communications reliability was evaluated for three categories of received 
signal quality. A comparison of bit error rates between the high and low data 
rates was made on each class for those returns on which both frame sync recog- 
nition and range measurement were achieved. For the best quality signals re- 
ceived from Sea Robin via the satellite, a bit error rate of 3.3x10-2 wa s mea- 
sured at a 2.4414 kilobits per second rate when the data were processed as re- 
ceived. On the basis of experimentally derived information, a bit error rate 
of only 1x10-8 £ s extrapolated from this result for a 305 bits per second 
transmission rate if the interference is gaussian noise. The amount of data 
recorded at 305 bits per second was insufficient to measure an error rate. 

Out of 4064 bits observed, none were found to be in error. For the medium 
quality signals, the measured error rate was 7.5xl0“2 at 2.4414 kilobits per 
second, extrapolated to lxl0”6 for the 305 bits per second rate. Five bit 
errors out of 4368 bits were observed for this class, but three of these are 
attributed to excessive tape stretch in processing the recorded data. For the 
poorest quality signals at which data could be read, the bit error rate was 
1x10"! at 2.4414 kilobits per second, extrapolated to 1x10"^ for the 305 bit 
per second rate. Bit error rates at the higher data rate were recorded as 
received, and are viewed with confidence. Bit error rates at the lower data 
rate were measured from tape recordings. Playback of the recordings intro- 
duced noise-like effects due to tape stretch and speed variations so that the 
observed error rates are worse than they would be for direct readout. The 
extrapolations are based on the repeated playback of good quality signals with 
measured amounts of added noise. 

During the period of time that the buoy was at sea, April 14 through 25, 
1969, it was interrogated 2525 times. The number of detectable responses at 
the Observatory was 1711, or 68 percent. Many of the returns were of low sig- 
nal level or undetectable because of deliberately introduced factors, such as 
polarization changes of the antenna. 

The buoy return consisted of 1024 cycles of 2.4414 kHz tone immediately 
followed by the buoy address in digital form with an audio cycle suppressed 
for a "zero" and a cycle transmitted for a "one". The buoy address is also 
at the 2.4414 kilobit per second data rate and is 30 bits long. The address 
code consists of a 15 bit word sync and a 15 bit user identification. The 
user address is used as a time marker for the range measurement determination. 
The data from the buoy immediately follows the address and consists of eight 
random bits followed by a 40 word frame. Each, word was eight bits long with 
320 bits in a complete frame. The first two words (16 bits) were frame synchr 
nization of a known bit sequence. The buoy could transmit at either 2.4414 
kilobits per second or 305 bits per second. However, very few data returns were 
at the 2.4414 kilobits per second data rate. The data transmission was for 
approximately 1.2 seconds resulting in the transmission of more than one com- 
plete frame at the 305 bits per second data rate and more than nine frames at 
the 2.4414 kilobits per second data rate. 

Statistical information derived from the data processing includes the num 
ber of range measurements, the bit error rates at the 2.4414 kilobits per 
second and 305 bits per second data rates, and relates them to signal-to-noise 
condition of the returns. The number of range measurements was available on' 
punched paper tape or in hard copy form. Bit errors in the 30 bit buoy addres 
code at the 2.4414 kilobits per second data rate were recorded on punched pape 
tape as the signals were received from the satellite. This was accomplished 
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at the time of address code recognition by measuring the voltage level at the 
outputs of each 15 bit correlator, one for the word sync and one for the user 
identification portions of the address code. This voltage level is propor- 
tional to the number of correct bits. A threshold level was set on each cor- 
relator such that if more than three bits were in error in either the 15 bit 
word sync or 15 bit user identification, address code recognition would not 
occur and no range measurement would be made. 

The bit error rates at the 305 bits per second data rate were determined 
from the magnetic tape data recordings made at the Observatory. Recordings of 
the transmissions from the buoy were also made at the control van in Bermuda 
and were intended as an accurate reference for comparison with the magnetic 
tape recordings of the satellite signals made at the Observatory. Interfer- 
ence on the magnetic tape recordings made at Bermuda placed their accuracy in 
doubt, so that it was decided to measure the bit error rates in the known 16 
bit frame sync word at the start of each data frame. A demodulator and a 16 
bit frame sync correlator were developed for measuring the number of bits in 
error in each frame sync at the 305 bits per second data rate. 

Bit errors were detected by measuring the voltage level at the output of 
the 16 bit correlator. The threshold level was set so that if there were more 
than 3 bits in error, frame sync recognition would not occur. 

The buoy experiment was designed so that the signal conditions varied 
over a wide range, thus an overall bit error rate would not be significant. 

The buoy returns varied in signal-to-noise ratio within a 4 kHz bandwidth from 
less than 0 dB to greater than 15 dB. This wide range in signal level was due 
to scheduled changes in transmit polarization from the buoy, changes in the 
degree of polarization match between the satellite and both the buoy and Ob- 
servatory antenna due to Faraday rotation, and changes in the attitude and 
orientation of the buoy antenna due to wave action. 

Signal-to-noise ratio measurements were not made on each return from the 
buoy while the tests were conducted. Instead, the returns were visually 
classified into three categories of signal quality, A, B, or C, by observing 
playback of their tape recordings on an oscilloscope. The classification was 
based upon the data portion of the return only and did not include the 1024 
cycles of 2.4414 kHz tone or the 30 bit address code. The "A" class repre- 
sented returns for which it would appear no errors should exist, the "B" class 
represented returns where most of the data should be recoverable, and the "O' 
class represented returns where it appeared little of the data could be re- 
covered. 

Of the 1711 detected returns, 22 percent were of "A" quality, 30 percent 
"B" quality, and 47 percent "O' quality. For each category of returns, a de- 
termination was made of the number of range measurements, the bit error rates 
at the 2.4414 kilobit per second and 305 bit per second data rate, and the 
average signal-to-noise ratio. A summary of the statistics is presented in 
Table 8-3. 


The statistics obtained for this table do not include all the test per- 
iods that were conducted while the buoy was at sea. A few test periods were 
excluded because a mis -adjustment in a detector threshold setting changed the 
conditions so that the responses could not be compared statistically with the 
greater portion of the data. However, the remaining sample size is sufficient 
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ive tape stretch or variation in tape speed 


and is representation of the total. The number of interrogations used is 
1958 and the total responses 1355. Thus, buoy responses were detected on 69 
percent of the interrogations selected for analysis, which agrees closely 
with the overall response rate of 68 percent. The percentage of responses 
in the classes A, B, and C are the same as the overall response rate: 22, 

31 and 47 percent , respect ively . The number of range measurements achieved 
in each class is shown in Table 8-3. The range measurements as a percentage 
of the number of responses in the classes A, B, and C are 82 percent, 66 per- 
cent and 17 percent respectively. The number of frame sync recognitions at 
the 305 bits per second data rate as a percentage of the number of responses 
in the classes A, B, and C are 92, 88 and 55 percent respectively. However, 
not all the responses were properly timed. Some responses were early or late 
because the buoy produced a correlator output at some time other than when 
the address code was centered in the correlator. An occasional correlator 
output occurs early or late by a multiple of a bit period due to noise. This 
effect results in a loss of a range measurement, but would not necessarily 
result in a failure to read data. The effect can be eliminated by more 
sophisticated address code design. In the data analysis, frame sync could 
not occur on early or late responses because it is not timed properly with 
respect to the correlator clock, and thus the data was not read out. The 
percentage of range measurements and frame sync recognitions would be slightly 
higher if only the properly timed responses were considered. 

In determining bit errors the responses in each of the classes. A, B and 
C, were separated into two sets. One set included those responses on which 
frame sync recognition was achieved. This was done to permit a comparison 
between performances at the two data rates which are possible on the set in 
which both frame sync recognition and range measurement were accomplished. 

There were a total of five bits in error in the A class at the 305 bits 
per second data rate. Two bit errors occurred in one frame sync on a return 
for which a range measurement was achieved. Each return was displayed on an 
analog paper chart recording to see the nature of the errors. The return with 
two bits in error had been affected by a reduction in signal-to-noise for a 
period of 0.2 second and which included frame sync. The return with three 
bits in error was of excellent quality, fully recoverable from the tape re- 
cording, and the errors are attributed to a large shift on the frame sync 
position due to excessive tape stretch or a large variation in tape speed at 
the moment the three passed through the tape recorder. In either set, A or 
B, the number of bits in error at the 305 bits per second data rate are too 
small to make an estimate of bit error rates that is statistically significant. 
However, this can be compensated by the known relationship between the two data 
rates and a high confidence level on the bit error rates determined for the 
2.4414 kilobits per second data rate where the number of accumulated error in 
all three classes is large. 

In the B class there were only five bits in error in the set of returns 
for which both frame sync recognition and range measurement were achieved. A 
review of the data revealed that three of these errors occurred in one frame 
sync which was of good quality. These three errors are also attributed to 
excessive tape stretch or a large variation in tape speed. As with the A 
class, the ratio of the number of bits in error to the total number averaged 
is too small for a reliable statistical estimate of bit error rate. Once again 
the bit error rate determined for the 2.4414 kilobits per second data rate pro- 
vides an improved estimate. 
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In the "C" class, there were 22 bits in error at the 305 bits per second 
data rate in the set for which both frame sync and range measurement were 
achieved. Although this is a reasonable sample size for a reliable statisti- 
cal estimate, it is expected that it has also been affected by tape stretch 
and variations in tape speed. However, it is difficult to determine this on 
the "<?' type returns due to the poor signal-to-noise ratio preventing any 
visible estimate on the quality of the frame sync. 

The bit error rates shown in Table 8-3 in the set for which both frame 
sync recognition and range measurement were achieved are plotted in Figure 
8 -12. Figure 8-12 is a plot of two calibration curves which present bit 
error rate as a function of the rms signal-to-rms noise within a 4 kHz audio 
bandwidth. Both curves were produced under controlled conditions using a 
random noise generator as the noise source. The 2.4414 kilobits per second 
curve was generated by adding noise to the outputs of the tone-code generator 
and then feeding the resulting signal directly into the tone-code correlator. 
The 305 bits per second curve was generated by forming a loop of magnetic 
tape which contained three "A" type responses and playing it continuously 
while adding noise from the same random noise generator. The resulting signal 
was fed into the demodulator and frame sync correlator. 

The improvement of the 305 bits per second data rate over that of the 
2.4414 kilobits per second data rate can be observed to be approximately 10 
dB at signal-to-noise ratios above 0 dB. This agrees with the bandwidth im- 
provement of from 4 kHz to approximately 400 Hz or 10:1. 

The bit error rates for the three classes of returns from the buoy are 
plotted on these two curves. 

It would be expected that in each class the bit error rates at the two 
data rates would align one above the other along a common signal-to-noise 
ratio. The fact that this does not occur in the "B" and "C" class is a result 
of the small number of errors not providing a reliable statistic compounded by 
the effects of the tape recorder which act as additional noise to the system. 

There is a higher confidence in the bit error rates for the 2.4414 kilo- 
bits per second data rate because they were measured as the signals were re- 
ceived from the satellite and not from the magnetic tape recordings. If the 
bit error rates at the 2.4414 kilobits per second data rate are projected 
down to intersect the 305 bits per second data rate calibration curve, the 
bit error rates at the 305 bits per second data rates for the classes A, B 
and C are 1 x 10 -8 , 1 x 10 -6 and 1 x 10“^ respectively. These predictions 
are based on gaussian noise and ignore the effects of burst errors caused by 
impulsive noise for which no data is available. 

The average signal-to-noise ratio for the thrfee classes is shown in 
Table 8-3 for the set of returns on which both frame sync and range measure- 
ment were achieved. The signal-to-noise in the 4 kHz bandwidth was obtained 
from Figure 3-3 by observing the signal-to-noise ratio corresponding to the 
bit error rates determined for the 2.4414 kilobits per second data rate. The 
signal-to-noise in the I.F. bandwidth was determined from Figure 8-13 which 
shows the relationship between the audio and I.F. bandwidths for the parameter 
of the FM system used in the tests. 
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Bit Error R*to 


FIGURE 8-12 


BIT ERROR RATE VERSUS SIGNAL-TO-NOISE RATIO 
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Signal RMS-to-Nolse RMS In dB within a 4 kHi Audio Bandwidth 


FIGURE 8-13 


PERFORMANCE CURVE FOR A TYPICAL FM RECEIVER FOR A MODULATION INDEX OF 2 
i.e,, MODULATION FREQUENCY - 2.4414 kHz, DEVIATION - 5 kHz 
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SECTION 9 


VAN TESTS 


A Ford Econoline van. Figure 9-1, was equipped with a General Electric 
mobile radio, as used in taxi cabs and police cars. A responder unit was con- 
nected between the receiver and the transmitter. A Parks Electronics Labora- 
tories preamplifier model 144-IP preceded the receiver. The transmitter output 
power was 80 Watts. Separate dipole antennas were provided for the receiver 
and transmitter. They are visible as the horizontal elements near the front 
of the vehicle, as shown in Figure 9-1. 

On March 27, 1969, the van was driven from the village of Manny Corners, 

New York, northward through the village of Hagaman, New York, to Route 29, 
then eastward on Route 29. 

Range measurements were made through ATS-3 during the one-hour test period. 
The dipole antennas were separately oriented for best signals. 

In previous mobile radio ranging tests not using satellites, it was ob- 
served that reflected signals can arrive at the receiving station antenna in 
any phase relative to the direct signal, and severely affect the received sig- 
nal level. A vehicle position change of only a few feet can result in a large 
change in signal amplitude at the receiver. 

During the first portion of the March 27 satellite ranging experiment, the 
van was moved in small increments; one foot, then two feet, then four feet, 
etc., to determine if a similar effect occurred between the vehicle and the 
satellite. The amplitude change was observed. No effects on range measurements 
were observed that could not be attributed to the change in receiver time delay 
with signal amplitude as described in Section 4). The receiver was an unmodi- 
fied production unit with a time delay change of approximately 7 microseconds 
with signal amplitude change. 

Figure 9-2 is a plot showing every range measurement made during the 
March 27 test. Note that the ordinate scale is marked in 10 microsecond steps 
rather than 1 microsecond steps, as on some other data plots. The shape of the 
data curve matches the changing range from the satellite to the vehicle. Events 
during the test are marked on the plot. There is a change in measured range 
noticeable during the first part of the test greater than the movement of the 
vehicle. The change in range is due to satellite motion, an effect clearly 
noticeable in similar plots in Section 11). Gaps in the data occurred because 
the range measurements were stopped when voice communications were used to 
coordinate the experiment. Scatter of the data points includes the variations 
in the time delays through the van and Observatory receivers. 

Some of the range measurements were used to compute the intersection of 
the line of position with the road. The computation included an estimate of 
the equipment and ionospheric time delays. A first estimate for the delays 
resulted in a bias error to the south of approximately one and one-half miles. 

A new estimate was made to place the first location at Manny Corners, then the 
same equipment and ionospheric time delays were used for all the rest of the 
computations. Figure 9-3 shows the route which was traced from a topographic 
map. The actual positions of the vehicle are plotted as dots and the positions 
as determined from the satellite range measurements are plotted as short hori- 
zontal line segments. The satellite was nearly due south of the area at the 
time. 
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RANGE MEASUREMENTS THROUGH ATS -3 USING VAN 
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FIGURE 9-3 


ROUTE OF MARCH 27, 1969 TEST 

ROUTE 29 
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SECTION 10 


L.E.S.T. TESTS 


L.E.S.T. is an abbreviation for Low Energy Speech Transmission, a techni- 
que for processing and transmitting speech at a saving in power over more fre- 
quently employed techniques. The technique, developed in the General Electric 
Research and Development Center, is based on the work of Licklider and Pollack^- 
who showed that speech, clipped nearly at the zero crossings, i.e. " inf initely"' 
clipped speech, is highly intelligible. In L.E.S.T., the input waveform is 
first pre-emphasized by differentiation, then infinitely clipped and finally a 
short pulse is generated at each zero crossing of the infinitely clipped wave- 
form. 


The maximum rate of zero crossing pulses is limited by the audio passband, 
but since the average rate is far below the maximum, the duty cycle of the 
transmission is very low, approximately 5 percent during speech, resulting in 
a significant energy savings. At the receiving end, the pulses are applied to 
a bistable multivibrator to regain the infinitely clipped waveform of the 
original speech signal. 

The full energy saving is accomplished by generating a pulse of RF energy 
at each zero crossing pulse. The transmitter is turned completely off between 
pulses. In the ATS-1 test, the waveform was simulated by frequency deviation 
rather than keying the satellite transmitter. As a result, the energy saving 
could not be directly demonstrated, but could be inferred from the duty cycle. 
Duty cycle estimates were based on laboratory measurements. The ATS-1 tests 
revealed that L.E.S.T. waveforms can be transmitted without distortion over 
satellite links. 

L.E.S.T. equipment developed and constructed on a previous program was 
used in the experiments. Since this L.E.S.T. equipment was primarily intended 
for use in AM transmission systems, some modifications were necessary to adapt 
it to FM. Dual-polarity pulses were used to modulate the carrier frequency in 
an FSK (frequency shift key) mode where the carrier is on continuously but is 
shifted by the L.E.S.T. pulses. In the experiment, the carrier also acted to 
suppress noise during pauses in the L.E.S.T. speech. The low energy features 
of the L.E.S.T. system were simulated by considering the time during which the 
carrier is keyed by the L.E.S.T. pulses compared with the total time of speech 
transmission. Speech intelligibility was evaluated by use of spondaic word 
lists. These tests are described in more detail later. 

Under the conditions of these experiments, one can estimate the L.E.S.T. 
savings in power to be between 24:1 and 48:1 compared with an FM system with 
continuous carrier. However, the equipment used in the experiments was not 
well suited for transmitting narrow L.E.S.T. pulses (low duty cycle). There- 
fore, the power estimates given are a limit of the experiment only and further 
savings should be expected in an optimum L.E.S.T. system. 

Results of intelligibility tests on transmitted L.E.S.T. speech using 
spondaic word lists were very encouraging. Scores for two groups of listeners 
averaged 93.3 percent for in-house tests without the satellite link using a 
transponder and dummy load in the system. The scores for the fully implemented 
experiment using the link to ATS-1 were 96.6 percent for a word list that was 
familiar to the listeners and 91.5 percent for an unfamiliar list. These tests 
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indicate that L.E.S.T. can be used for voice communications through satellites 
and that insignificant loss in intelligibility results from the transmission. 

The L.E.S.T. equipment used in this experiment was loaned by the Company's 
Space Systems Operation in Philadelphia. The L.E.S.T. encoder unit is a bread- 
board unit while the decoder is a prototype designated #E-012.. The L.E.S.T. 
pulses modulated the RF carrier by an amount of ± 7.5 kHz about the center fre- 
quency. Only the duty cycle of the L.E.S.T. pulses was considered when esti- 
mating the low energy properties of the system. 

Figures 10-1 and 10-2 show the system block diagram and the typical wave- 
forms respectively for the L.E.S.T. experiment. Speech input to the L.E.S.T. 
encoder was from a microphone or a tape player which contained recordings of 
spondaic word lists. The waveform at (A) shows the typical clipped speech 
after pre -emphasis and clipping. There is a voltage transition for each point 
of zero crossing in the original speech waveform. 

Pulses are produced at each transition of the clipped speech waveform - a 
positive pulse for a positive transition and a negative pulse for a negative 
transition, as shown in (B). These pulses are 70 microseconds wide and are 
used to modulate the 149.22 MHz carrier of the transmitter. Thus, the fre- 
quency out of the transmitter would have approximately the same waveform as 
shown in (C) where frequency deviation would be plotted along the ordinate. 

The returned transmission at 135.6 MHz is received with the typical wave- 
form out of the FM receiver shown in (D) . The discriminator output has a wave- 
form similar to (B) and (C) because of the linear characteristics of the dis- 
criminator as shown in Figure 10-3. 

Because of response limitations in the receiver and/or transmitter, the 
width of the pulses out of the receiver are longer than the L.E.S.T. pulses 
to the transmitter. The pulse width at (D) was found to be 140 microseconds, 
indicating some bandwidth limitation in the system. However, the highest fre- 
quency in the speech is only 2500 Hz; thus, no serious degradation in per- 
formance would be expected from these bandwidth limitations in this FM system. 

Waveform (E) shows the receiver output after rectification (to make it 
compatible with the input requirements of the L.E.S.T. decoder). The decoder 
contains a flip-flop circuit which returns the waveform as shown in (F) to the 
same form as the clipped L.E.S.T. speech (A). Some additional high frequency 
filtering is done in the decoder before the output is recorded. 

Figure 10-4 shows the modifications made to the L.E.S.T. equipment to 
make it compatible with the FM experiment. These modifications consist of a 
dual pulse forming circuit for the output of the encoder and an amplifier and 
rectifier circuit for the input to the decoder section of the L.E.S.T. equip- 
ment . 


It was noted during earlier experiments that the output of the receiver 
could be understood by a listener even though the signal at that point had not 
passed through the L.E.S.T. decoder. For this reason the output of the re- 
ceiver was recorded on a second channel at the same time the L.E.S.T. output 
was recorded to allow for separate tests of intelligibility on the two outputs. 
The results, to be described later, show that the level of intelligibility was 
significantly higher out of the L.E.S.T. decoder than out of the receiver even 
though the receiver output was clear enough for most speech to be understood. 
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FIGURE 10-1. L.E.S.T. EXPERIMENT SYSTEM BLOCK DIAGRAM 


A 


L.E.S.T. CLIPPED SPEECH 



(B) 

(C) 


L.E.S.T. DUAL PULSE 
TO MODULATOR 
FM OUT OF TRANSMITT 



RECEIVER DISCRIMINATOR 


JYMUVJXAJV 


OUTPUT RECTIFIED 



L.E.S.T. DECODER FLIP-F 
OUTPUT 


FIGURE 10-2 

TYPICAL WAVEFORMS 
L.F.S.T, EXPERIMENT 
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FIGURE 10-3 

LINEAR CHARACTERISTICS OF DISCRIMINATOR 
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FIGURE 10-4 

L.E.S.T. CIRCUIT MODIFICATIONS 
Dual Pulse Former and Rectifier Circuits 


O 



o 
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To L.E.S.T. Decoder 




The system was operated during tests in one of two modes. The first for 
in-house testing did not use the satellite link. During these tests the trans- 
mitter was connected to a dummy load instead of the 30 foot dish antenna and 
an in-house transponder was used to convert from the transmit to the receive 
frequency. Tests through the satellite were conducted using the 300 watt trans 
mitter connected to the 30 foot diameter antenna to transmit to ATS-1 at 149.22 
MHz. A transponder in ATS-1 converts the frequency and transmits at 135.6 MHz. 
This returned signal was received back at the Radio-Optical Observatory using 
two bays of a yagi antenna. 

Lists of spondaic words were used in the experiment to aid in the deter- 
mination of the intelligibility level for L.E.S.T. speech. Spondaic words 
have two syllables of approximately equal emphasis on each syllable. Tape re- 
cordings of the L.E.S.T. spondaic words were played before two groups of un- 
trained listeners, five persons per group. These intelligibility tests were 
performed in an anochoic chamber to reduce the level of background noise, 
echoes, and general distractions. The test is more severe than normal speech 
patterns in that consecutive words are unrelated. The listener either under- 
stands the complete word or misunderstands it and both syllables must be cor- 
rect. As the test was conducted, the listeners wrote the words on a prepared 
form. 


The tests were divided into fifty-word lists. The first fifty-word test 
resulted from an in-house test using the local transponder and no link to the 
satellite. This test served to familiarize the listeners for the first time 
with the sound of L.E.S.T. and to calibrate the performance of the L.E.S.T. 
equipment against similar tests conducted on earlier programs. After a break, 
the listeners heard a one hundred-word list resulting from the complete test 
using the link to ATS-1. The first fifty words of the one hundred-word list 
were the same as in the first test, while the second fifty words were heard 
for the first time. For this reason, the two groups of fifty words were 
scored separately. 

During the tests with ATS-1 on September 23, 1969, some difficulty was 
experienced in transmission due to ionospheric effects resulting in amplitude 
scintillation. This caused some words to be lost during transmission of the 
ond hundred-word list. Three words in the first fifty and one word in the 
second fifty were completely lost and were discounted from the test. All 
other words including some which had amplitude fading and noise difficulties 
were counted in the test. 

Table 10-1 shows the results of the intelligibility tests. The numbers 
are for the percentage of correct word answers in each test. Ten of the one 
hundred words used in the tests are: necktie, woodwork, greyhound, bobsled, 

catcall, browbeat, playmate, doormat, courtship, and hardware. 

The following conclusions can be drawn from the results of these tests: 

1. The scores in the calibration tests number 1 and 3 compare favorably with 
previous tests for L.E.S.T. speech having scores of 90 percent or better. 

2. Only a slight loss in intelligibility resulted in transmission to ATS-1 
compared with the laboratory test. The measured intelligibility for the 
ATS-1 test was 91.5 compared to 94.5 for the laboratory test. 
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Test No. 1 and Test No. 3: In-house test recorded at L.E.S.T. decoder output 

Test No. 2: ATS-1 test recorded at L.E.S.T. decoder output. 

Test No. 4: ATS-1 test recorded at receiver output (not decoded). 


3 . 


Although L.E.S.T. speech is understandable directly out of the receiver, 
the level of intelligibility is significantly lower than the decoded 
speech out of the L.E.S.T. equipment. Test number 4 compared with test 
number 2. 


4. In both test number 2 and test number 4 the scores were considerably 

higher for the first fifty words which were by that time familiar to the 
listeners. 

The low energy characteristics of the L.E.S.T. experiments can be evalu- 
ated by considering the time during which the FM carrier is keyed by the L.E.S.T. 
pulses compared with the total time of speech transmission. 

Pulse width of L.E.S.T. input to transmitter (modulator) is equal to 70 
microseconds. Pulse width of returned L.E.S.T. out of the receiver (discrim- 
inator) is equal to 140 microseconds. 

Average frequency in normal speech is equal to 600 Hz, as measured in 
previous studies of L.E.S.T. speech. 

There are two zero crossings per pulse, or an average of 1200 pulses per 
second during spoken words. Short gaps in forming words and sentences total 
approximately half the time while speaking, and longer pauses occupy about one- 
half the total time during normal speech so that the average pulse rate during 
conversation is typically 300 pulses per second. The pulse duration in the 
satellite tests was 140 microseconds. The duty cycle is thus 


300 x 140 


10 


6 


0.042 


It is probable that the L.E.S.T. pulses could have been detected with 
approximately the same signal-to-noise ratio if they had been transmitted by 
AM rather than the narrow bandwidth FM. The FM noise improvement with the 
small deviation ratio results in a detector output signal-to-noise which is 
approximately the same as the input signal-to-noise, and thus the FM is approx- 
imately equivalent to AM, suggesting that the same result could have been at- 
tained with a satellite having a peak effective radiated power of 200 Watts, 
but an average e.r.p. of only ten Watts. 


REFERENCE 

1. J. C. R. Licklider and I. Pollack, "Effects of Differentiation, Integra- 
tion and Infinite Peak Clipping Upon the Intelligibility of Speech," 
Journal of the Acoustical Society of America, Volume 20, Number 1, 
January 1948. 
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SECTION 11 


IONOSPHERIC PROPAGATION 


A major objective of the experiment was to obtain data on the effect of 
the ionosphere on the ranging and position fixing accuracy of range measure- 
ments from satellites at VHF. The up and down link frequencies of the ATS 
gu£gHj_tes are near the lower limit that may be considered for useful range 
measurement s . 


The largest effect of the ionosphere is propagation time delay because 
the index of refraction of the ionosphere is different than that of free space. 
In addition to the time delay, the refractive effect causes bending of the ray 
so that the ray path length between the satellite and the earth' s surface is 
increased. 

The presence of the earth's magnetic field in the ionosphere causes a 
rotation of the plane of polarization of a radio signal, called Faraday rota- 
tion, that can influence the strength of a received radio signal unless circu- 
lar polarization is employed. 

There is a propagation delay or radio wave retardation in the troposphere 
as well as in the ionosphere. Tropospheric retardation is independent of fre- 
quency. At sea level, 100 percent humidity, and zero elevation, it is 116 
meters*. it decreases with increasing elevation angle from the observer to 
the satellite and his altitude. 

A summary of atmospheric propagation effects is presented in Table 11-1. 


Ionospheric Bias Error 

The ionospheric retardation at VHF is usually much greater than the tropo- 
spheric retardation. During undisturbed daytime and nighttime conditions the 
one-way range bias due to tropospheric and ionospheric retardation is as shown 
in Figure 11-1. It is expected that corrections based on predictions of elec- 
tron content in the ionosphere may reduce the bias errors of the ionosphere to 
within 20 to 40 percent of the total bias. 

If calibration stations were used in conjunction with range determination 
measurements it is probable that corrections to less than 10 percent of the 
total range bias might be achieved in the region surrounding the station assum- 
ing that the distance from the satellite to the station were accurately known. 
The calibration stations could be equipped with repeaters like those used in 
mobile craft. The known range from the satellite would be subtracted for a 
calibration range measurement to derive an accurate range correction. 

Unpredictable solar disturbances can cause changes in the ionosphere that 
can increase range bias by more than 50 percent over the values shown in Figure 
11-1 at high latitudes and cause even larger changes in tropical regions. If 
range measurements from two satellites were used for fix determination without 
an applied correction, the effect of the disturbance would be an apparent sys- 
tematic displacement of all the craft in a limited area. The relative position 
determinations of these craft would not be significantly affected. 
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RANGE ERROR (FEET) 


FIGURE 11-1 


ONE-WAY RANGE BIAS DUE TO TROPOSPHERIC AND IONOSPHERIC RETARDATION 
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RANGE ERROR (METERS) 


TROPOSPHERIC AND IONOSPHERIC PROPAGATION EFFECTS 
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More data are needed on the size of the area in which the information frc 
a calibration station can be used, and therefore the number required in the 
area served. However, an estimate can be made on the basis of an extreme case 
reported by Mendillo, et al^, Figure 11-2. In that instance, sunset occurred 
at the peak of the disturbance, and the total electron content dropped by a 
factor of ten in one hour. It would have caused a change in total range bias 
from approximately 2700 to 270 meters for an elevation of 20 degrees. Assumir 
that the principal cause of the decay is related to sunset, the east-west 
gradient of electron density and hence range bias would have been over a dis- 
tance approximating the distance the terminator moved over the earth in one 
hour, or approximately 1000 kilometers. Calibration stations at 1000 kilomete 
intervals would probably have been sufficient to determine the range bias cor- 
rection during that event. 

Ionospheric time delay is reduced a 1/f^ so that it would be negligible 
at L-band, 1540-1660 MHz. As stated in a previous study^, 400 to 700 MHz is 
the technically optimum frequency band for most applications of range mea- 
surements from satellites. 


The time delay in the ionosphere is important at 135 to 150 MHz because 
the exact delay at any time or place cannot be predicted accurately. An iono- 
spheric model adapted from Lawrence, et al^ and Millman^- was used in the com- 
puter program for determining fixes. (Appendix II) The procedure for includ- 
ing the bias in the fix determination was to compute the fix on the basis of 
the measurements without correction to find the approximate location of the 
user equipment, then to determine the time of day at the user's location. An 
ionospheric correction for each satellite- to-user ray path was determined fron 
the ionospheric model. The range measurements were then corrected in accordar 
with the estimates derived from the model, the fix was immediately recomputed 
and then printed out. 


As noted in Table 11-1, ionospheric range error is related to free elec- 
tron content along the ray path by the expression: 


AR = [ „ ds 

8 f 2 J e 


where AR 

8 


= range increase (cm) 


N 

e 


= electrons per square cm column 


( 11 - 1 ) 


It is convenient to express ARg in the number of microseconds added to th 
propagation time in the range measurements, and electron content is often give 
in electrons per square meter. Equation (11-1) then becomes: 

40 x 10 8 f „ , 

At = I N ds 

Cf 2 J e 

g 

where C = free space velocity of light (3 x 10 m/sec) 

= electrons per square meter column 
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FIGURE 11-2 


ELECTRON CONTENT DUE 


TO MAGNETIC STORM 


2 


Sunset 



(EST) 


February 2, 1969 
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Using an up link frequency of 149 MHz and a down link frequency of 135.6 
MHz, time delay is related to the total electron content by the following 
equation (John A. Klobuchar, Air Force Cambridge Research Laboratories, private 
correspondence) : 


T = 1.32 x 10 ^ x TEC (microseconds - round trip) 

TEC is expressed in el/M^. 

Several tests were conducted to measure the day-to-night change in electron 
content, the correlation between the diurnal changes in content at separated 
locations, and the day-to-day correlation of electron content variations. Re- 
sults of the measurements were compared with measurements taken by others using 
different techniques. 

The diurnal changes in ionospheric delay were found to be well correlated 
for Schenectady, New York and Gander, Newfoundland, which are approximately 900 
nautical miles apart. Air Force Cambridge Research Laboratories, located ap- 
proximately 150 miles from Schenectady, between Schenectady and Gander, mea- 
sured the electron content by the use of the Faraday rotation technique on VHF 
signals received from ATS-3. The AFCRL measurements are not affected by motion 
of the satellite. 

NASA' s Goddard Space Flight Center measured electron content by ranging 
simultaneously at VHF and C-band from Rosman, North Carolina to ATS-3. They 
determined the difference in measured delay at the two frequencies, a method 
that cancels out the effect of satellite motion. 

The tone-code ranging method computed the difference between the measured 
slant range and the slant range computed from the predicted positions of the 
satellite. The results include range error due to difference between the ac- 
tual slant range and the computed slant range based on the predicted positions 
of the satellite, a difference that has a diurnal variation due to the twenty- 
four hour orbit period. 

Samples of data taken at the three locations and by the three techniques 
are compared in Tables 11-2 and 11-3. 

The ionosphere model used in the POSFIX program and described in Appendix 
II shows a range measurement variation of approximately 2300 feet between day 
and night at 142 MHz, and 30° elevation angle. The range measurement time delay 
change for two-way ranging is 491 feet per microsecond. The model in the POSFIX 
program thus predicts a day-to-night change of 4.7 microseconds, two-way ranging 
delay. 


Geography and Time Correlations of Ionospheric Propagation Delay 

The propagation velocity of radio waves is reduced as they pass through the 
ionosphere. The reduction in velocity is proportional to the integrated elec- 
tron content along the ray path and inversely proportional to frequency squared. 
(Eq. 11-1) Ionozatiqn in the upper atmosphere is caused by radiation from 
the sun, and its distribution over the earth is affected by the earth's magnetic 
field. 
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■ TABLE 11-2 

TWO-WAY SLANT RANGE DAY-PEAK-TO-NIGHT MINIMUM DELAY CHANGE 


Date 

AFCRL-Hamilton — ATS-3 

GE-Schenectady — ATS- 

10/28/70 

6.9 jjis change 


10/29/70 

7 . 9 (i,s change 


10/30/70 

7.9 |is change 

12.3 juts change 

10/31/70 

8.8 f-bs change 

16.0 fa s change 

11/01/70 

7 . 6 jj,s change 

13.5 M»s change 

11/02/70 

8. 4 fas change 

15.0 \is change 

1/19-20/71 
(1200 - 1200) 

7.6 jxs change 

15.8 jis change 

3/13-14/70 
(1000 - 1000) 

6.3 |is change 

13.3 (is change 


TABLE 11-3 


TWO-WAY SLANT 

RANGE DAY-PEAK-TO-NIGHT 

MINIMUM DELAY CHANGE 


Rosman, N.C. Electron Content 


Date 


Time 


Delay Change 

Minimum 

Maximum. 

/ 3 1/7 1 

1100 

- 2400 

GMT 

9 microseconds 

f— i 

o 

i— i 
* 
00 
o> 

16.6 x 10^ 7 

/01/71 

1100 

- 2400 

GMT 

9 microseconds 

9.3 X 10 17 

16.2 x 10 17 
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The reduced propagation velocity increases propagation time, and thereforf 
causes an apparent increase in range measurements. The day-to-night change in 
two-way propagation time due to the ionosphere is usually between 10 and 15 
microseconds at the radio frequencies used in the experiments. Solar disturb- 
ances may sometimes increase the propagation delay by more than 50 percent. 

One microsecond, in two-way ranging, represents 491 feet, or approxi- 
mately 12 microseconds per nautical mile. It is evident that if no correction 
is made for ionospheric propagation delay, the ionosphere can cause position 
fix errors of several miles. 


There are two methods to correct for the propagation delay. One method 
is to estimate the delay by the use of a model of the ionosphere based on the 
large quantity of data that has been collected over the past several decades. 
(Appendix II) . The other method is to measure the propagation delay at a known 
location, and use the measurement to correct range measurements made to other 
transponders in the geographical region surrounding the known location. 

Both methods of correcting for propagat ion delay. were used in the experi- 
ments. A simple model provided corrections adequate for position fix accuracy 
better than one nautical mile, one sigma. The other method, using reference 
transponders at known locations, was also effective and provided the additiona 
benefit of a first order correction for error in satellite position prediction 

To be useful, a model requires that there be ptedictable, cyclic changes 
in the ionosphere. The diurnal cycle is a dominant one. The day-to-day cor- 
relation of ionospheric delay is thus important in estimating the value of a 
model. 


The usefulness of the reference transponder measurements depends upon the 
correlation of ionospheric delay at one location with the delay at another. 

The geographical extent of the correlation is important in evaluating the 
practical value of the reference transponders because it determines the number 
and deployment of the transponders needed to achieve a specified accuracy for 
a system. 


The ultimate limitation on accuracy of a VHF satellite ranging system is 
imposed by the residual error after the ranging measurements have been cor- 
rected for ionospheric delay. Much of the effort in the experimental program 
was directed to measuring the time and geographic correlations of ionosphere 
delay, and evaluating two methods of correcting the range measurements. 


Reference transponders were deployed across the North Atlantic and the 
continental United States, at Thule, Greenland, and at Buenos Aires, Argentina 
The transponders were supplied by the General Electric Company. Construction 
of the unit located at Reykjavik, Iceland was funded by the Comsat Corporation 
The units were installed, maintained, and operated by local personnel! 


Shannon, Ireland 
Gander, Newfoundland 
Seattle, Washington 
Buenos Aires, Argentina 
Reykjavik, Iceland 


Irish Department of Posts & Telegraphs 

Canadian Department of Transport 

The Boeing Company 

Argentine Air Force 

General Civil Aviation, Iceland 


The Federal Aviation Administration installed and operated two transponde 
on their own craft, and flew the aircraft with FAA engineers on all of the 
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light tests. (Section 6). One transponder was removed from the aircraft 
laced in the hanger at Thule, Greenland, a helical antenna installed, and the 
nit operated for the twenty- four hour synoptic ranging test, described later 
.n this section. 

Ionospheric propagation delay was measured by subtracting the computed 
lant range from the measured slant range, both expressed in microseconds 
ropagation time.. The computed slant range propagation time assumes the propa- 
ation velocity is the speed of light in a vacuum. NASA predictions of satel- 
ite position were used in computing the slant range from a satellite to a 
ixed transponder. 

Ranging interrogations were transmitted from the Observatory at rates ap- 
to the experiment, usually one each three seconds, unless several 
ransponders were in the sequence; then the interrogation rate was usually one 
very two seconds. When spin modulation of ATS-3 became of such magnitude that 
t could affect the measurements, the interrogation rate was matched to the 
pin rate. (Page 5-27) 

The sequence of interrogating the transponders was set up and operated 
utomatically. 


Range measurements were recorded on punched paper tape together with other 
ertinent data. (Section 3). 

Data were transferred from the punched tape to a GE-600 computer. NASA 
osition predictions for the satellite state the latitude, longitude, and 
eight. Precision of the tone-code ranging measurements proved to be so good 
hat the linear interpolation between the half-hourly position fixes furnished 
y NASA could sometimes introduce errors larger than the precision of measure- 
ent. The computer program was rewritten to provide a cubic interpolation so 
hat the estimated positions of satellite between the half-hourly stated points 
are precise within the 0.001 degree of latitude and longitude, and the 0.01 
autical mile earth center distance precision of the NASA predictions.’ The 
rogram interpolated the position of the satellite at the time of each range 
aasurement , then computed the slant range, and subtracted the computed from the 
aasured range for both the Observatory and the distant transponder. 

An additional program computed a "best fit" quadratic curve to the differ- 
lces, and the standard deviation of the actual difference measurements from 
le computed curve. The value of the "best fit" curve at a specific time pro- 
Ldes a better estimate of the correct value of our measured ionospheric propa- 
Lon delay than a single, randomly chosen measurement. The standard deviation 
! an estimate of the ranging precision and hence the confidence that can be 
Laced in an individual measurement. 

The cyclic variations in electron content were observed from observations 
iken continuously over twenty- four hour periods, and at many different times 
: day on many days during more than a year, and for widely separated locations, 
id at elevation angles near zero to higher than 40 degrees. 

Spatial correlation of electron density was observed by comparing the 
:asurements at various geographical separations. 

Air Force Cambridge Research Laboratories provided their independent mea- 
irements of electron content for comparison with the tone-code ranging 
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measurements. It was especially interesting to compare the AFCRL measurements 
with the Schenectady and Gander measurements, because the AFCRL observations 
were made at Hamilton, Massachusetts, between Schenectady and Gander. 

The data show evidence of errors in predicting the positions of the satel- 
lites on some occasions. Satellite prediction errors cause a diurnal variatior 
in range measurement, the same as the period of the ionospheric variations. It 
is not possible to make an exact separation of the two causes of diurnal range 
variation, although the AFCRL data are helpful. Widely separated locations foi 
the transponders are also helpful in identifying errors in satellite position 
predictions because the phase of the range error caused by satellite predictior 
error is different at each of the separated locations. 

Data collected with the Shannon, Reykjavik, Gander and Schenectady trans- 
ponders is believed sufficient to show that ground reference transponders 
spaced approximately one thousand miles apart are useful for correcting range 
measurements at VHF for aircraft and ships along the principal North Atlantic 
routes Under all conditions of the tests the correlations of the measure- 
ments appear adequate to provide range correction sufficient for one nautical 
mile one sigma position fix accuracy. The differences between the computed 
and measured slant ranges from a ground reference calibration transponder to 
the satellites can be applied as useful corrections to the range measurements 
from a mobile craft to the satellites. The calibration measurements will pro- 
vide corrections for satellite position prediction error as well as for iono- 
sphere propagation delay. 

If the mobile craft is within approximately one thousand miles of the 
reference transponder, the range corrections will be accurate within approxi- 
mately three microseconds at the times of day when the electron content in the 
ionosphere is changing most rapidly. Three microseconds represents approxi- 
mately 1500 feet in two-way ranging. When errors of this magnitude occur in 
each range measurement, geometrical dilution of position, noise and other 
factors will result in position fix errors approaching one mile. 

The three microsecond estimate applies to the ionosphere as observed unde 
the conditions of the test, including diurnal and seasonal changes, but not in 
eluding conditions associated with severe magnetic storms. The estimate is 
derived from the correlations of differences between computed and measured 
slant ranges in Figures 11-3, 11-4, and 11-5. If the satellite positions had 
been known more accurately, the observed diurnal changes would have been small 
in most cases, and the corrections would have been better. Three microseconds 
is considered to be a conservative estimate for the observed conditions. 

Errors in satellite predictions are apparent in the differences between 
computed and measured slant ranges. It is therefore evident that the network 
of ground reference calibration transponders could be used to track the satel- 
lites The widely spaced deployment of the transponders, their low cost, and 
automatic operation would appear attractive for the purpose. A few minutes oJ 
tracking at intervals spaced through each day would provide a nearly continuoi 
update of satellite positions, and provide accurate position determinations at 
all times and at low cost. If the transponders operated at L-band or C-band, 
the effects of the ionosphere would be negligible and high accuracy would be 

achieved. 
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1 Microsecond/Division 


FIGURE 11-3 


CORRELATION OF DIFFERENCES BETWEEN COMPUTED AND MEASURED SLANT RANGES 
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Twenty-four Hour Test. Gander and Schenectady. March 1970 


The National Aeronautics and Space Administration's ATS-3 satellite was 
used in a ranging and propagation experiment for a twenty- four hour period on 
Mti^ch 13 and 14, 1970. (This experiment was performed under General Electric 
Company funding.) Starting at 1000 GMT on March 13, and continuing until 1000 
GMT on March 14, except for the satellite eclipse period from 0430 to 0700 
General Electric's Radio-Optical Observatory transmitted tone-code ranging^in- 
terrogation signals through the satellite to a fixed ground reference trans- 
ponder at Gander, Newfoundland. Interrogation signals returned from the satel- 
lite and responses from the transppnder relayed back through the satellite were 
studied to determine diurnal variations in range measurements. A two-hour 
period of severe scintillation due to the ionosphere was experienced, and the 
effects on ranging accuracy and signal reliability were measured for’that con- 
dition. 

Voice communications between an aircraft in flight and several ground 
terminals were relayed through the satellite on another channel simultaneously 
with ranging tests. Voice was transmitted from Gander, Newfoundland through 
the satellite while the General Electric Observatory at Schenectady ranged on 
the satellite on the same channel. 

Ranging interrogations were made at a rate of once per three seconds dur- 
ing the periods from 1000 to 1135 GMT on March 13, from 2130 on March 13 to 
0207 on March 14, and from 0700 to 1007 on March 14, to insure the collection 
of high resolution data on ionospheric changes during sunrise and sunset per- 
iods. Interrogations were made once each three seconds for five minutes each 
half hour, and once each thirty seconds throughout the rest of the experiment. 

Ranging data on Gander were not collected during the first thirty-eight 
ninutes of the experiment because the fuse in the power supply of the trans- 
mitter was loose in its socket. After the fuse was tightened, the unit re- 
sponded immediately to interrogations and continued to operate perfectly 
throughout the test. 

Responses to the interrogations provided time interval measurements from 
the Observatory to the satellite and return, and from the Observatory through 
the satellite to Gander and return. Measurements from each interrogation were 
completely independent of the others. 


Standard deviations of the range measurements were computed for the five 
ninute higher-rate interrogation periods each half hour. Standard deviations 
iuring the five minute periods for the Schenectady-Satellite-Schenectady path 
"'ere from 0.3 to 0.83 microsecond,- with an average value of 0,48 microsecond. 
Standard deviations on the returns from Gander were from 0,49 to 1.2 micro- 
seconds with an average of 0.75 microsecond. The largest observed standard 
ieviation for Gander during a five minute period was 1.12 microseconds, and 
:he smallest was 0.5 microsecond. For Schenectady, the maximum was 0.83 micro- 
second and the minimum was 0.33 microsecond. 

During a two-hour period from 0736 to 1007 GMT on March 14, scintillation 
occurred with signal levels ranging from several dB above the average of -98 
iBm to short dropouts below -121 dBm. The sun was rising in the ionosphere for 
portions of the ray paths to both ground stations at that time. We do not 
iscribe the scintillation to the effect of sunrise, as we have observed scin- 
:illation at other times when the sun was not rising on the ray path. 
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The diurnal variation in range measurements due to the ionosphere, satel- 
lite position uncertainty, and any other bias changes, was determined by com- 
puting the radio propagation time for the geometrical slant ranges from the 
satellite to Gander and Schenectady at the time of each analyzed data point. 

The differences between the computed and measured time delays are the sum of 
a constant component of equipment delay, plus all variables including iono- 
sphere, satellite position uncertainty, and changes in equipment time delay. 

The Pan American 747 aircraft enroute from Kennedy airport to 
Puerto Rico communicated by voice to the Observatory, to Aeronautical Radio 
at Annapolis, Maryland, and to NASA-Goddard mobile units at Miami and Los 
Angeles. 

Transmission between the ground terminals and the aircraft was on a nominal 
up link frequency of 149.245 MHz, and a down link frequency of 135.625 MHz. Th< 
aircraft transmission frequency was 5 kHz above the nominal. The nominal fre- 
quency is 50 kHz above the frequencies used between the Observatory and Gander. 
The bandwidth of the satellite is 100 kHz. 

No voice communications were conducted during the five minute periods each 
half-hour while the higher-rate range measurements were taken. Range measure- 
ments were made every thirty seconds during the voice communications. Standard 
deviation of the range measurements on Gander was 9 M>s (»450 feet) during 
aircraft voice transmissions, compared with an average of «0.75 M< s («a390 feet) 
when the satellite was not relaying both signals. 

Voice transmissions were made on the 149.195 up link frequency from Gander 
and relayed on the 135.575 down link frequency, using the transponder equipment 
Simultaneously, ranging measurements were made from the Observatory to the 
satellite on the same frequencies. Standard deviations of the Schenectady- 
satellite signals averaged 0.65 microsecond during the Gander voice transmis- 
sions, compared with 0.37 microsecond average for a five-minute period immedi- 
ately following when the satellite was not relaying two signals simultaneously. 
The voice and ranging signals were both received simultaneously at the Observa- 
tory, and the receiver-correlator was able to separate the ranging returns fron 
the strong voice signals, which had modulation components at the tone frequency 
When one signal was stronger than the other, the FM capture effect tended to 
suppress the weaker signal. 

Signal strength between Gander and Schenectady was good except for shorty 
sometimes deep fades during the two hour period of scintillation. It was oc- 
casionally necessary to change the transmit and receive polarizations at the 
Observatory to correct for Faraday rotation. Because the up and down link fre- 
quencies were different, the transmit and receive polarizations were sometimes 
orthogonal. 

Figure 11-6 is a chart recording of a twelve minute segment of the period 
of scintillation. It is not sufficient merely to state the magnitude of signa: 
fading due to scintillation because the effect of the scintillation on communi 
cations or ranging is determined by the time pattern of fading. The Figure 
chart recording shows vertical lines at three second intervals. A close exami: 
ation shows that each vertical line is really a pair, the first being the ampl 
tude of our own return from the satellite, and the second being the return froi 
Gander. The dark irregular band through the middle of the recording represent 
the background signal received from the satellite when there is no signal inpu 
to the satellite. The baseline of the amplitude recording is the receiver out 
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level when the receiver is switched off during our transmission to the satel- 
lite. The amplitude scale is not linear. 

The highest signal amplitudes, the tips of the vertical lines, are at 93 
dBm signal level into the receiver using our 30 foot antenna. The lowest sig- 
nal value recorded by the receiver is -121 dBm. The amplitude scale is loga- 
rithmic. While the signal level did not actually drop to -121 dBm during the 
twelve minute, 30 second period depicted, there were brief times when it did 
drop below that level during the two hour scintillation period. The signal 
level changes shown here are typical of the entire period. 

The scintillation that we measured during this period was on the path from 
the satellite to Schenectady. We do not have an independent measure of the 
scintillation at Gander. Because of its northern location, it is expected that 
it was comparable with fading at Schenectady. Its fading pattern is not ob- 
servable in the returns as recorded at Schenectady because the Gander returns 
are correlated in amplitude with the Observatory returns. This is believed to 
have occurred because the Gander transmissions were strong enough to approach 
saturation of the satellite during all but the deepest fades. 

Communications reliability was good in spite of the severe scintillation. 
However, it is necessary to consider that the gain of the antenna at Gander is 
approximately 10 dB and the gain at Schenectady approximately 20 dB. The 
scintillation would have caused a greater degradation of communications relia- 
bility to a mobile terminal with a smaller antenna and therefore a smaller 
fading margin. One may judge the amount of time that communications dropout 
would have been experienced by a mobile terminal by drawing a line along the 
recording below the -98 dBm line, displaced by the number of dB representing 
the fading margin of the mobile link. The -98 dBm level should be used, as 
that is the normal signal level without scintillation and therefore the refer- 
ence for the link margin. 

The scintillation fading experienced on March 14 was unusually severe. 
Scintillation fading is not uncommon. A general impression is that scintilla- 
tion occurs less than 5 percent of the time at Schenectady with an amplitude 
that is usually only a few dB, peak to minimum. 

Communications performance during the period of scintillation is summarize 
in Table 11-4. 


TABLE 11-4 

COMMUNICATION PERFORMANCE DURING SCINTILLATION 
March 14, 1970, 08:16:15-10:07:00 GMT 


Average Signal Level (no scintillation) 

Maximum Signal Level During Scintillation 
Minimum Signal Level During Scintillation 
Number of Interrogations 

Responses Received (Observatory and Gander) 

Missed Responses: Observatory - 39; Gander - 49 

98 percent of Responses Were Received and Correlated 
Total Number of Bits in Received Responses 
Bit Errors: Observatory - 82; Gander - 79 


-98 dBM 
9 3 dBm 

Less than -121 dBm 
2215 
4342 
88 


130,260 

161 
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The digital coding used was relatively crude. A 3 dB improvement could be ob- 
tained using bi-phase modulation rather than the technique of suppressing cycles 
for zeros. Error rates during the experiment were higher than might be exper- 
ienced on the same links with better coding. A missed interrogation does not 
necessarily mean the signal was not received. If more than 3 bits in the word 
sync or user address part of the code are in error, the ranging correlator re- 
jects the response. 

The lower chart recording of Figure 6 shows the ranging time intervals 
for Gander. It is an analog chart recording of a digitized time interval show- 
ing the change in measured interval for each interrogation. One large division 
on the chart is one microsecond, and the full scale is ten microseconds. The 
slope on the line is due to the changing range to the satellite. As shown in 
Figures 6 and 7, scintillation had no serious effect on range measurements. 

The number of interrogations, missed correlations, bits and bit errors for the 
twelve minute period are also shown in Figure 6, as are the standard deviations 
of the range measurements. 

Ranging performance and line-of-posit ion accuracy were determined by using 
satellite position predictions furnished by NASA. The determinations were made 
for most of the five minute periods each half hour throughout the twenty- four 
hour test period. Tone-code range measurements were compared with computed 
slant ranges to Schenectady and Gander. The differences between the measured 
and computed slant ranges were plotted to show the total diurnal bias change 
due to ionosphere and other factors such as possible error in predicted posi- 
tion of the satellite. The measured slant ranges and the NASA satellite pre- 
dictions were used to compute the latitude at which the line-of-position crossed 
the longitude of Gander. The first computations did not include any corrections 
except for equipment time delay. The latitude determinations were then cor- 
rected by the use of an independent measure of the ionosphere made at Hamilton, 
Massachusetts by Air Force Cambridge Research Laboratories. The original lati- 
tude determinations were then corrected by taking the differences between mea- 
sured and computed slant range measurements at Schenectady, and using the dif- 
ferences to correct the Gander range measurements. 

Range measurements taken at 3 second intervals during five minute periods 
were analyzed for standard deviation. A "best- fit" quadratic curve was fitted 
to the approximately 100 range measurements. The standard deviations of the 
measurements were computed, and the largest single deviations from the best fit 
curves were printed out by the computer program. Standard deviations are plotted 
in Figure 11-7, and the largest single deviations are listed in Table 11-5. 
Sunrise and sunset at 80 kilometer and 600 kilometer heights along the ray 
paths from Schenectady and Gander to the satellite are shown in Figure -7, 
and a period of severe amplitude scintillation is identified during the last 
hours of the test. 

NASA position predictions show that the ATS-3 satellite is not in a per- 
fect geostationary orbit. A slight inclination causes it to move slightly 
north and south of the equator, tracing a figure eight in a twenty-four hour 
period. Its orbit has a slight eccentricity so that its altitude changes 
through a twenty- four hour cycle and during the period of the experiment the 
satellite was drifting eastward. Figure 11-8 is a plot of each of these motion 
components as derived from NASA predictions. 
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TABLE 11-5 


LARGEST DEVIATIONS - 24 HOUR RANGING TEST 
GANDER - ATS- 3 - OBSERVATORY 


March I3'„ 1970' (1000 - 2400 GMT) 
March 14, 1970' (0000 - 1000 GMT) 


Number of Measurements 

101 

101 

101 

101 

87 

95 

61 

101 

101 

102 

100 

95 

101 

101 

101 

101 

101 

87 

93 

101 

101 

101 

77 

101 

98 
101 
101 
113 
101 
101 

99 
101 
101 
*81 

**140 


Observatory 


Minimum 

Maximum 

-1..66 

+1.81 

-1.06 

+0.87 

-0.80 

+0.79 

-4.25 

+1.92 

-1.03 

+0.85 

-1.02 

+0.74 

-0.80 

+0.93 

-1.79 

+1.47 

-1.19 

40.95 

-1.55 

+2.22 

-1.35 

+0.82 

-0.94 

+0.98 

-1.59 

+1.41 

-1.17 

+0.78 

-1.12 

+0.94 

-1.68 

+0.76 

-1.04 

+0.77 

-1.40 

+0.78 

-0.82 

40.75 

-1.86 

+2.11 " 

-0.90 

+0.70 

-1.18 

40.83 

-0.99 

+1.43 

-1.31 

+0.68 

-1.29 

+0.89 

-0.84 

40.56 

-0.69 

+0.84 

-0.73 

+0.89 

-0.75 

+0.88 

-0.81 

+0.83 

-1.10 

+3.31 

-0.89 

+2.86 

-1.68 

+4.06 

-4.08 

+2.35 

-1.29 

+1.80 


Gander 

Minimum Maximum 


-3.55 

+1.66 

-2.00 

+6.22 

-2.15 

+1.59 

-1.58 

+1.85 

-2.88 

+1.53 

-1.71 

+3.57 

-2.08 

+1.94 

-3.37 

+7.50 

-4.00 

+2.72 

-1.58 

+1.57 

-5.08 

+2.78 

-3.33 

+1.92 

-4.53 

+1.63 

-2.32 

+2.78 

-2.05 

+2.68 

-2.10 

+1.50 

-1.97 

+2.23 

-3.87 

+2.21 

-3.89 

+1.74 

-2.48 

+1.52 

-1.63 

+1.85 

-2.34 

+1.48 

-1.79 

+1.78 

-1.61 

+1.40 

-1.52 

+1.19 

-1.36 

+1.48 

-1.14 

+1.32 

-1.34 

+2.10 

-1.96 

+2.55 

-2.16 

+3.92 

CM 

CO 

» 

CM 

1 

+4.72 

-2.18 

+3.88 

-2.28 

+1.96 


* Reading taken just prior to 1000 GMT 
**Reading taken just after 1000 GMT 


Time 

1000 

1030 

1100 

1130 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2130 

2200 

2230 

2300 

2330 

0000 

0030 

0100 

0130 

0200 

0300 

0400 

0430 

0700 

0730 

0800 

0830 

0900 

0930 

1000 

1000 
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DEGREES WEST LONGITUDE SATELLITE LATITUDE ( Degrees) 


FIGURE 11-8 


24 HOUR RANGING TEST 
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Figure 11-9, based on the NASA predictions, shows the computed slant range 
from the satellite to the Observatory as the solid line curve. The actual 
range measurements are shown as X' s. The curves have a greater difference dur- 
ing the daylight hours when the VHF range measurements are affected by increased 
delays through the ionosphere. The differences are the total bias changes in 
the range measurements. The accuracy of a line-of-position depends upon the 
exactness of the correction for the bias changes. 

Figure 11-10 shows the measured ranging time to Gander through the satel- 
lite. The amplitude of the curve is larger because satellite motion affects 
the range measurements on both paths and the sum of the effects appeared in 
the range time to Gander. 

Figure 11-11 gives the difference in measured time delay and the computed 
time delays for the geometrical slant ranges between the satellite and Schenec- 
tady and Gander. It is plotted from specific data points that fall on or very 
close to the best fit curve through each five minutes of data. These averaged 
values thus remove individual fluctuations in the measurement and provide a 
plot of the diurnal variations in range measurements due to the ionosphere and 
satellite position uncertainty. 

The total diurnal bias change was approximately 13 microseconds, and was 
the same, within approximately one microsecond for Gander and Schenectady. 
Approximate values are stated here to indicate magnitudes. Individual data 
points, as plotted, are precise to tenths of a microsecond. 

Gander is approximately 850 nautical miles east and 360 nautical miles 
north of Schenectady. The curves of bias change for the two locations are 
correlated, with the Gander curve shifted earlier in time, as expected, because 
of its eastward location. 

Air Force Cambridge Research Laboratories furnished a curve of electron 
density for the period of the experiment. The curve, Figure -12, is computed 
from differential Faraday rotation of the beacon signals of ATS-3 as measured 
at Sagamore Hill, Hamilton, Massachusetts. The electron density curve corre- 
lates with the range bias curves. The total change in vertical electron con- 
tent was 33 x 10^6 electrons per square meter. Based on the AFCRL data, the 
total change in range measurement bias due to the ionosphere would be ~7.0 (j,s. 

As the observed change was 13 (J,s, some other diurnal effect must have contributed 
to the bias. The computed change in range time to the satellite was ~780 (j,s with 
the maximum range occurring at approximately 1630 GMT, whereas the peak in elec- 
tron density occurs at 1800 or 1900 GMT, so that the maximum range due to satel- 
lite motion occurs near the time of maximum range delay due to the ionosphere. 

The diurnal changes due to the ionosphere and the satellite range change are in 
phase so that the effects add. It seems reasonable to assign the 6 |i,s differ- 
ence between the computed ionosphere bias change and the measured bias change 
to uncertainty in satellite position. A bias change of that magnitude would 
result if the satellite moved 1500 feet closer to the ground terminals than pre- 
dicted by NASA at the northern limit of its motion, and 1500 feet farther away 
at its southern limit. The total range change was ~63 nautical miles. Ranging 
time delays as stated in this report are for the two-way radio signal travel 
time. 


Figure 11-13 plots the latitude determinations using the range measurements 
to Gander uncorrected for any diurnal variations. The latitudes were computed 
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CURVE OF ELECTRON DENSITY COMPUTED FROM MEASUREMENTS MADE BY AFCRL 
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Uncorrected Gander Latitude Determinations 
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NAUTICAL MILES 


for each five minute period by selecting a range measurement that was on or 
very close to the best fit curve through the data points. The range measure- 
ment was used in a computer program to determine the latitude of Gander. Esti- 
mates of the equipment time delay and an estimate of three microseconds for the 
minimum delay through the ionosphere were included as constants. The resulting 
plot showing the latitude determinations, their standard deviation, and their 
extreme values, includes all of the diurnal and bias contributions to error in 
the latitude determination. Also plotted on Figure 11-13 are the corrections 
that should be applied based on the ionosphere measurements furnished by AFCRL. 
It is emphasized that these corrections were not applied in the latitude deter- 
minations on Figure 11-13. 

Figure 11-14 shows the Gander latitude determinations when the AFCRL iono- 
spheric corrections are applied. There is a cyclic residual error. It is in 
phase with the satellite variation in range shown in Figure 11-8, suggesting 
that the predictions of satellite position have an error of approximately the 
magnitude postulated in the discussion of Figure 11-11. The use of independent 
ionospheric data can correct for ionospheric variations but not for satellite 
position uncertainty. 

The use of a calibration transponder, such as used at Gander, can take 
both factors into account. 

Figure 11-15 is a plot of the latitude determinations when the corrections 
for Gander range measurements are taken from the Schenectady range measurements. 
Each range calibration measurement at Schenectady was a single range measure- 
ment taken within five minutes of the Gander data. The calibration measurement 
was not selected to correspond to the best fit curve. When the Schenectady 
calibration corrections were applied to the Gander range measurements, the 
latitude determinations for Gander are as shown in Figure 11-15. 

Reference to Figure 11-11 shows that the diurnal variation at Gander was 
approximately one hour advanced in phase with respect to the Schenectady data 
because of the earlier sunrise and sunset time. To determine the accuracy that 
might be achieved by calibration, data taken at one location are shifted in time 
to correspond to the time at the user location. The Schenectady curve of Figure 
11-11 was shifted one hour to bring it more nearly in phase with the Gander 
data and the new corrections were, applied. When the Gander range measurements 
were corrected by data points taken approximately one hour different in time, 
but selected to observe the ionosphere at approximately the same sun time, the 
latitude determinations for Gander are as depicted in Figure 11-16. The limits 
of the standard deviations fall within approximately one-half mile of the actual 
latitude of Gander. More than 2500 latitude determinations are represented by 
the data shown in Figure 11-16. All of them lie within approximately one nau- 
tical mile of the true latitude of the Gander transponder. 

Except for the two-hour period of amplitude scintillation, the ionosphere 
appeared to be undisturbed during the test period. It cannot be assumed that 
the line-of-posit ion accuracy achieved on the day of the test would be achieved 
every day, or over other regions of the earth. More test data are required, 
including periods of magnetic disturbance and for other geographical locations. 

For a "normal" ionosphere, as typified by March 13-14, 1970, the results 
of the tests do support the conclusions of the Interim Report (Contract NAS5- 
11634) that ground reference transponders at spacings of hundreds of nautical 
miles are useful in improving position fixing accuracy, and that one nautical 
mile, one sigma accuracy may be achieved when they are employed. 
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FIGURE 11-14 
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LATITUDE DETERMINATIONS CORRECTED BY SCHENECTADY RANGE CALIBRATION MEASUREMENTS 
Schenectady Measurements Within 5 Minutes of Gander Measurements 
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FIGURE 11-16 
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Four-day Synoptic Ionosphere Propagation Measurements - November 1970 

A solar flare was reported on October 28, 1970. Starting at 19:05:00 GMT 
on October 29, ranging measurements were made at intervals on each day through 
November 2, 1970, from ATS-3 to Shannon, Gander, Schenectady and Seattle. No 
unusual effects were observed due to the solar flare. The range measurements 
provided a comparison of the ionosphere over the four ray paths from the satel- 
lite to the transponders, and also a day-to-day comparison for each of the four 
ray paths. There is evidence that the results were affected by errors in pre- 
dictions of satellite positions. 

Range measurements were made during approximately six half hour periods 
spaced throughout each of the four days. During each half-hour period, approx- 
imately 200 range measurements were made to each of the reference transponders 
and 600 to Schenectady. The number of Schenectady measurements is larger be- 
cause every interrogation of a distant transponder provides a range from Schen- 
ectady to the satellite. 

The differences between the measured and computed geometrical slant ranges 
to the satellite were determined for each range measurement. NASA predictions 
of satellite position were used in computing the geometrical slant range. A 
"best fit" quadratic curve was fitted to the differences and the value of the 
curve at the exact time of a NASA prediction was selected. This process smooths 
the measured data and minimizes any errors that could result from interpolating 
between the half-hourly satellite position predictions supplied by NASA. 

The differences between the measured and computed geometrical slant ranges 
are presented in Figures 11-17 through 11-20. The lines connecting the data 
points are included only as an aid in following the changes; they do not repre- 
sent data. 

The diurnal effqct of the ionosphere is clearly evident at each location. 
The day-to-night change is smallest at Shannon, and increases with the westward 
position of the station, being largest at Seattle. A check was made to deter- 
mine if the increased diurnal change with westward location could be due to 
satellite position prediction errors, but results of the check are not conclu- 
sive. The data plotted in Figures 11-17 through 11-20 were based on satellite 
predictions computed from tracking data with an epoch date of October 23. 

Predictions for November 8, based on October 23 and November 8 tracking 
data were obtained from NASA and are compared 'in Table 11-6. An error of 0.001 
degree in latitude can cause a ranging error larger than 0.5 microsecond for 
mid-latitude locations. The expected day-to-night ionospheric change is approx- 
imately 13-15 microseconds. If the difference between these expected values 
and the observed values for Shannon and Seattle are due to satellite position 
errors, the data suggest that the satellite was closer to Seattle than its pre- 
dicted position by approximately 2500 feet at 1000 GMT each day and farther 
from Seattle by approximately 4400 feet at 2100 GMT each day. For Shannon, the 
satellite was closer by approximately 1500 feet than predicted at 1700 GMT. 

Figures H-21 through 11-24 overlay the four days of data for each loca- 
tion to show the day-to-day correlation for each one. The correlations are 
high, suggesting that a model of the ionosphere could describe the ionosphere 
for those days within approximately ± 1.5 microseconds. A solar flare some- 
times causes the electron content in the ionosphere to increase by as much as 
50 percent above the normal value on the day of the event. It drops rapidly at 
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DIFFERENCE, MEASURED AND COMPUTED SLANT RANGES 
Satellite Prediction Epoch 23 October 1970 
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DIFFERENCE, MEASURED AND COMPUTED SLANT RANGES 
Satellite Prediction Epoch 23 October 1970 
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FIGURE 11-21 


DAY-TO-DAY CORRELATION - SHANNON 



FIGURE 11-22 
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FIGURE 11-23 


DAY-TO-DAY CORRELATION - SCHENECTADY 



11-36 


MICROSECONDS 


FIGURE 11-24 


DAY-TO-DAY CORRELATION - SEATTLE 
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dusk to a value that is lower than normal. On the following few days the peak 
content is lower than on a "normal" day, but gradually approaches the normal 
value. Delay in the ionosphere is directly related to electron content along 
the ray path. The day-to-day change observed in the experiment shows no ef- 
fect of the solar flare. 


Correlation of the diurnal changes for Schenectady and Gander is indicated 
by the plot in Figure 11-25. The earlier sun time is evident from the advanced 
phase of the Gander plot. 

Figure 11-26 presents Schenectady and Gander with a one hour time shift in 
the Gander plot. If the Gander data were used to correct ranging measurements 
for vehicles as far distant as Schenectady, approximately 900 nautical miles, 
the corrected range measurements would be within approximately ±1.5 microsec- 
onds, or ± 700 feet. These results confirm the earlier twenty-four hour test. 

Differences between measured and computed geometrical slant ranges are 
plotted for all four stations superimposed in Figure 11-27. The satellite long: 
tude was 57°W at the time of the measurements. The subsatellite point is west 
of Shannon, east of the other stations. Solar events, such as sunrise and sun- 
set in the ionosphere occur later relative to their occurrence on the ground at 
Seattle. For this reason the time shift of the diurnal changes in ionospheric 
delay is shorter than the local time differences between the ground transponder: 
The phase difference of the diurnal change between Shannon and Seattle is about 
five hours instead of the eight hours difference in local time. 


Twenty-four Hour Synoptic Test - January 19-20. 1971 


Range measurements were made from ATS -3 to six widely separated ground 
locations almost continuously from 1200 GMT on 1/19/71 to 1200 GMT on 1/20/71, 
Locations of the transponders were: 


Shannon, Ireland 
Reykjavik, Iceland 
Thule, Greenland 
Gander, Newfoundland 
Buenos Aires, Argentina 


52 46' 55" N, 08°55'50"W 
64°07 ' 47" N, 21°56' 12"W 
76°32'08"N, 68°23'58"W 
48°58'22"N, 54°30' 14"W 
34°35 ' 10" S , 58°22 ' 10" W 


The sixth ground point was the General Electric Observatory 
located at 42°50'53"N, 74<>04' 15"W. 


at Schenectady, 


All of the distant transponders were General Electric units as described 
in Section 3 , with eight-turn helical antennas, except at Thule, where a four- 
turn helix with an effective gain of 6 dB when communicating with the linear 
antennas of ATS-3 was used. Shannon transmitted with 100 Watts, the others 
with 300 Watts of RF output. 


The interrogation rate was matched to the spin rate of ATS-3 to minimize 
the effects of the signal fade on each revolution. (Section 5 ). The depth of 
the fade was approximately 8 dB on the detected signals from the transponders, 
with a fading characteristic as shown in Figure 5-16. The spin rate of ATS-3 
was 100 revolutions per minute, and the interrogation rate was 25 per minute. 

The automatic sequence of interrogations was Gander, Shannon, Buenos Aires, 
Reykjavik, and Thule. * 
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DIFFERENCE, MEASURED AND COMPUTED SLANT RANGES - FOUR STATIONS 
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Differences between measured and computed slant ranges are plotted in 
Figures 11-28 through 11-33. Each data point in each plot was computed as 
follows: 

1. The position of the satellite was computed for the time of each individua 
range measurement. The satellite position was given by NASA in terms of 
latitude, longitude, and distance from the earth's center on each half 
hour throughout the 24 hours. The satellite position was interpolated 
for each second of time at which a range measurement was made, using a 
cubic interpolation based on four consecutive NASA statements of position 

2. The slant range from the satellite to the reference transponder was com- 
puted for the time of each range measurement assuming the satellite to be 
at the position computed in step 1 and the transponder to be at the lati- 
tude, longitude and height above mean sea level stated by the organizatio 
that installed the transponder. The slant range was expressed in micro- 
seconds two-way propagation time at the free- space velocity of light. 

3. The fixed value for equipment time delay, as previously determined for th 
transponder was subtracted from the measured two-way propagation time fro 
the satellite to the transponder. 

4. The computed slant range propagation time determined in step 2 was sub- 
tracted from the measured slant range determined by step 3 for each range 
measurement to each transponder. 

5. A "best-fit quadratic curve was fitted to each ten minutes of data. For 
each remote transponder, the number of range measurements in ten minutes 
was approximately 200. The number for Schenectady is larger because a 
range measurement is obtained for Schenectady every time a measurement is 
made to any distant transponder. 

6. The values of the two ends and the middle of each "best-fit" quadratic ci 
were averaged to obtain a value representing the average value of the dii 
ferences between measured and computed slant ranges. 

Each data point is the average range bias error for the ten minute perioc 
It is the sum of the range error contributions of the ionosphere, the error ii 
the assumed satellite position, and the error in the equipment time delay cali 
brat ion. 

The ionosphere and the satellite position predictions each have a diurna' 
pattern of change. Equipment time delay calibration error is a fixed value. 

It is subject to change with temperature, but other equipment tests have show: 
that the change is negligible when the equipments are in rooms kept within th< 
normal temperature limits of working and living spaces. 

Each transponder, including the one at Thule, was at normal room tempera 
tures, with one brief exception. The furnace at the Observatory in Schenecta< 
ceased to function during the night before the test, so that the temperature < 
the room and the equipment was near zero degrees F when the operators arrived 
to prepare for the test. The outdoor temperature was -26°F. After starting 
the furnace and heating the critical circuit elements in the phase-matcher co: 
relator, the change in delay was approximately 5 microseconds in the decreasii 
direction during the first ten minutes. The change in average range measure- 
ments to the satellite was one microsecond between the first and second ten 
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FIGURE 11-33 
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minute periods. There was no apparent effect due to temperature change in the 
subsequent averages. 

Some of the data points in Figures 11-28 through 11-33 show a "negative" 
delay; that is, a measured time that is shorter than the computed slant range. 

A true negative delay is impossible, since the signal cannot propagate faster 
than the speed of light. The apparent negative delay is due to satellite posi- 
tion prediction errors and/or an assumed equipment time delay that is longer 
than the actual equipment time delay. 

Except for the Thule measurements, the plots are believed to show iono- 
spheric delay changes with high resolution. The standard deviations of the 
individual measurements relative to "best fit" curves were approximately one 
microsecond or less, so that the ten minute averages have a precision of a 
fraction of a microsecond. It is believed that even the small changes from 
one average data point to the next are truly indicative of changes in iono- 
sphere delay, and are not random measurement variations. 

Satellite position prediction errors contribute a smooth, approximately 
sinusoidal diurnal variation that will add to the ionospheric delay variation 
to change its apparent amplitude. Except for the amplitude of the diurnal 
change, and fixed bias error due to error in equipment calibration, the curves 
present a synoptic measurement of the ionosphere delay for the slant range paths 
from the satellite to Shannon, Reykjavik, Gander, Schenectady and Buenos Aires. 

An unanticipated factor altered the test at Thule, The transponder antenna 
was located so that the satellite was behind a mountain for most of the 24-hour 
period. We were unaware of the mountain, and did not anticipate the loss of 
signal because a previous test with an aircraft at the same location on July 10, 
1970 was successful. On July 10, the ATS-3 satellite as seen from Thule was at 
175° azimuth, and 5° elevation. On January 19-20, 1971 it was at 153° and at a 
lower elevation. A check with an aeronautical chart shows that the satellite 
was in clear view of the transponder on July 10, 1970, but that the elevation 
of the mountain was 4.1° as viewed from the transponder on January 19-20. Satel- 
lite elevation angles above a spherical earth horizon and the local horizon were 
as follows: 


TABLE 11-7 

SATELLITE ELEVATION ANGLES 


Date 

Time, GMT 

Satellite Elevation Above 
Spherical Earth Horizon 

Satellite Elevation 
Relative to Local Horizon 

1/19/71 

1100 

4.39 

+0.3 


1300 

3.70 

-0.4 


1600 

2.73 

-1.3 


1900 

2.36 

-1.7 


2200 

2.80 

-1.3 

1/20/71 

0100 

3.79 

+0.3 


0400 

4.77 

+0.7 


0700 

5.13 

+1.1 


1000 

4.68 

+0.6 
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The transponder responded to interrogations and they were received at 
Schenectady from the start of the test until approximately 14:30 GMT, when 
they faded out. The signals were again detectable at approximately 23:00 GMT. 
Reference to Table 11-7 indicates that the transponder received signals from 
the satellite, responded, and its returns were received at Schenectady until 
the satellite was approximately 1.0° below the local horizon. Propagation be- 
tween the transponder and the satellite depended on diffraction over the moun- 
tain during some portion of the test period. 

The scatter of the Thule range measurements on January 19-20 was much 
greater than the scatter of the other transponders, especially just before the 
satellite signal was fully attenuated and just after it returned. It is prob- 
able that diffraction over the mountain resulted in range measurements that 
were longer than the direct line-of-sight path. Reduced signal level and dif- 
fraction effects may have contributed to the scatter. There was a diurnal 
change in ionospheric delay even though the sun does not rise at Thule on 
January 19 or 20. It does rise in the ionosphere along the transponder-to- 
satellite ray path. 

Sunrise and sunset within the ionosphere along the ray path from each 
transponder to the satellite is shown in Figures 11-28 through 11-33. The sun- 
rise times near the top of the ionosphere at 600 kilometers and near the lower 
limit of the ionosphere at 100 kilometers are plotted with connecting lines; 
similarly for sunset, which occurs first at 100 kilometers and later reaches 
600 kilometers. It is important to note that the sunrise and sunset times 
are along the ray path, not above the transponder. 

Shannon, Reykjavik, Gander and Schenectady all had diurnal changes in iono 
sphere propagation delay that appear to follow sunlight effects in the ionosphei 
Electron content and delay increase rapidly after sunrise, then continue to in- 
crease more slowly until after local noon. Content then drops slowly until sun 
set in the ionosphere along the ray path. It decreases rap idly , # during sunset, 
then more slowly until it reaches a minimum before sunrise. 

The duration of the daytime peak for each of the transponders, except Thuli 
and Buenos Aires, corresponds to the length of the day at the latitude of the 
ray path in the ionosphere. The March 13-14 test for Schenectady and Gander 
(Figure 11-34) show the same period for the daytime peak with Gander shifted 
approximately one hour earlier in time. In March, the length of day is nearly 
equal at Schenectady and Gander. In the January 19 test (Figure JU-35) the 
daytime peak is shorter at Gander than Schenectady, corresponding to the shorte: 
winter day at the higher northern latitude. 

The Buenos Aires pattern of diurnal change did not follow the pattern of 
the northern hemisphere mid- latitude locations. Electron content did not in- 
crease continuously after sunrise, and the diurnal peak was shorter in propor- 
tion to the length of the day than was true for the other locations. There was 
an increase in electron content at sunset, starting at approximately 0000 GMT 
and peaking at approximately 0200 GMT. The small peak in electron content afte: 
sunset may be a frequent occurrence at Buenos Aires. It is apparent in iono- 
spheric sounder measurements of critical frequency of the F- layer at Buenos 
Aires. For example, plots of average values for each month from February throuj 
June 1969 show evidence of a peak between 2000 and 2200 local time. 

Figure 11-36 shows the average values for those months as presented in 
"Ionospheric Data", U.S. Department of Commerce, National Oceanic and Atmospher 
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Figure 11-34 
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CORRELATION OF DIFFERENCES BETWEEN COMPUTED AND MEASURED SLANT RANGES 
GANDER, NEWFOUNDLAND AND SCHENECTADY. NEW YORK 
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administration Bulletin FA-318, February 1971. The critical frequency for the 
F-layer may be related to electron content by 

f 2 = 80 x 10 6 N 
o e 

where f = critical frequency of F-layer in Hz 

N = electron density (electrons cubic centimeter) 
e 

(Dr. 'G. H. Millman, General Electric Heavy Military Electronic Systems, private 
correspondence. ) 

The integrated electron content along the ray path and propagation delay 
as observed in the satellite range measurements are directly related to the 
maximum electron density of the F-layer. 

Although the January 19 satellite measurements for Buenos Aires appear to 
be in agreement with the characteristics of other data taken over a period of 
time, the quantity of our data is not sufficient to estimate the time or geo- 
graphical correlations of ionospheric characteristics in areas of the earth 
that share an ionosphere structure similar to the path between Buenos Aires 
and ATS -3. 

Data collected by the Shannon, Reykjavik, Gander and Schenectady trans- 
ponders are believed sufficient to show that ground reference transponders 
spaced about one thousand miles apart are useful for correcting range measure- 
ments at VHF for aircraft and ships along the principal North Atlantic routes. 
Under all the conditions of the tests, over various seasons of the year, during 
several days in succession, and at all hours of the day and night, the correla- 
tions of measurements appear adequate to provide range corrections sufficient 
for one nautical mile, one sigma position fix accuracy. None of the data were 
taken when a severe magnetic storm was known to have occurred, although the at- 
tempt was made to observe the effects, as on the four-day test following the 
solar flare on October 28, 1970. 


Ionospheric Scintillation, October 15, 1970 

Air Force Cambridge Research Laboratories reported severe scintillation 
on the following dates and approximate times: October 13, 1970 (0100-0900 GMT); 

October 14, 1970 (0200-0600 GMT); October 15, 1970 (0315-0600 GMT); October 16, 
1970 (0200-0800 GMT). In each case the scintillation started and ended abruptly 
at the approximate times listed. Figure 11-37 is a reproduction of the AFCRL 
signal level recording for the October 15, 1970 data. 

A communications test with a Pan American 747 aircraft enroute from New 
York to Paris was conducted between 0300 and 0600 GMT on October 15, 1970. 

Ground terminals participating in the experiment were Aeronautical Radio, Inc,, 
at Annapolis, Maryland; Pan American Airways, at Miami, Florida; Hughes Aircraft, 
at Los Angeles, California; Boeing Aircraft, at Seattle, Washington; and the 
General Electric Radio-Optical Observatory at Schenectady, New York. 

Severe scintillation was observed at Schenectady between 0315-0318 GMT and 
again at 0332 through 0615 GMT, when the satellite was turned off. 
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FIGURE 11-36 


F-LAYER CRITICAL FREQUENCY 
BUENOS AIRES MONTHLY AVERAGES 
(February - June 1969) 
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FIGURE 11-37 


SCINTILLATION OBSERVED AT HAMILTON, MASSACHUSETTS BY 
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES (10/15/70) 
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Time - GMT 



Neither the airplane nor any of the other ground terminals reported that 
the scintillation produced noticeable effects on their communications. 

Figure 11-38 is a portion of the signal level recording made at the Ob- 
servatory. The recording on the right hand portion of each chart was made 
from a receiver attached to the 30 foot diameter antenna which has a net gain 
of 19 dB. The recording on the left hand portion of each chart was made from 
a receiver attached to an eight-turn helical antenna, having a net gain of aboui 
8.5 dB for the linearly polarized signals from the ATS-3 satellite, when line 
losses are taken into account. Increasing signal level is toward the right on 
the right hand channel and toward the left on the left hand channel. Some por- 
tions of the chart recording show what appears to be a fading at a rate more 
than once per second. It is due to spin modulation of the satellite, not to 
scintillation. 

The signal levels received from the aircraft and the other ground terminal; 
are identified on the chart recording as follows: G2 - Goddard mobile number 2 

operated by Pan American at Miami; A/C - 747 aircraft enroute from New York to 
Paris transmitting with 500 Watts of power through a Boeing crossed slot antenn< 
designed for 125 and 131 MHz, but retuned with a simple modification for the 13! 
and 149 MHz frequencies of ATS-3; B - Boeing at Seattle; A - Aeronautical Radio 
at Annapolis, Maryland; LA - Goddard mobile at Los Angeles, operated by Hughes 
Aircraft . 

The voice communications received on the 30 foot antenna from the aircraft 
and from all of the ground terminals were recorded on magnetic tape at the Ob- 
servatory. A copy of the recording, on a standard cassette, may be borrowed 
from the General Electric Company for comparison with the chart recordings as 
presented in this report. 

The signal level without scintillation is approximately -98 dBm, when re- 
ceiving with the 30 foot diameter antenna. During the scintillation the signal 
level increased approximately 7 dB above the non-scintillating level, and it 
dropped occasionally more than 30 dB below the non-scintillating level. The 
drop-outs were always of very short duration. The 19 dB gain of the 30 foot 
dish provided a large fading margin so that the severe scintillation had very 
little effect on the voice communications signals. If the antenna gain had 
been 0 dB, the drop-outs would have been more frequent. The voice signals were 
detected when the signal dropped to about 30 dB below the non-scintillating 
level, suggesting that a 0 dB antenna would have provided approximately 10 dB 
fading margin. This is consistent with other observations. 

It is important to note that speech is highly redundant and that short 
drop-outs do not have a significant effect on intelligibility. The effect on 
other forms of communication, such as digital which is less redundant, would 
have to be considered in evaluating VHF communications performance when scintil* 
lation is present. 
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VHF AMPLITUDE SCINTILLATION, ATS -3 TO SCHENECTADY, NEW YORK, OCTOBER 15, 1970 
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Left hand channel, # 05V Right hand channel, 

helix ^8.5 dB net gain 30 f dish ^ 19 dB gain 


FIGURE 11-38 CONTINUED 
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FIGURE 11-38 CONTINUED 
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FIGURE 11-38 CONTINUED 
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NEW TECHNOLOGY 


There has been no new technology developed on this contract. 
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PUBLICATIONS 


Papers 

The following papers have been presented or co-authored by Roy E.. Anderson 
during the course of contract NAS5-11634 and contain results obtained from the 
work done on that contract: 

"VHF Propagation Effects on Range Measurements from Satellites," Presented at 
the Symposium on the Application of Atmospheric Studies to Satellite Transmis- 
sions, Sponsored by AFCRL, September 1969. 

"Ranging and Position Fixing from Satellites at VHF," Presented at the NEREM 
Symposium, 1969. 

"Experimental Evaluation of VHF for Position Fixing by Satellite," Presented 
at the AIAA Third Communications Satellite Systems Conference, Los Angeles, 
California, April, 1970. 

"Results of Marine Position Fixing Experiments Using ATS Satellites," Presented 
at the RTCM Assembly Meeting, San Francisco, California, May 1, 1970. 

"Progress and Goals for Aeronautical Applications of Space Technology," Pre- 
sented at the Fall Eurospace Meeting in Venice, Italy, September 1970. (Co- 
author - D. Fink, General Electric Space Division) 

"Satellites for Merchant Marine Management and Ship Operation," America's In- 
ternational Maritime Trade Show, Baltimore, Maryland, April 7, 1971. (Co- 
authors - Capt. A. Fiore, U.S. Merchant Marine Academy, and J. Chernoff, ITT) 

"Results of an Experiment to Locate and Read Data from Unmanned Transponders 
Using Satellites," 21st National Telemetering Conference, Washington, D. C. , 
April 13, 1971. 


Reports 

The following internal General Electric Company reports have been prepared 
by Roy E. Anderson during the course of contract NAS5-11634 and contain results 
of work done on that contract or related efforts: 

"Preliminary Experiments on Multipath Effects on One-way Range Measurements in 
Rural and Urban Environments," MO-69-0779, July 1969. 

"Ranging and Position Fixing Experiments Using Satellites: 24-Hour Ranging 

Test, March 13-14, 1970," 70-C-198, June 1970. 


12-2 



APPENDIX I 


DATA FROM COMSAT CORPORATION 


Comsat Laboratories, Clarksburg, Maryland was equipped with a tone-code 
correlator and participated in some of the ranging experiments. They measured 
the inter-arrival times between their receptions of the interrogation signal 
from the distant transponder as it was relayed by the satellite. The inter- 
arrival time, minus user and satellite equipment delays, is the propagation 
time from the satellite to the transponder and return to the satellite. 

Comsat computed a linear regression fit to the range measurements that 
they recorded. The linear regression fit, corresponding to the quadratic "best 
fit" curve of General Electric, is used to remove the effect of the changing 
range to the satellite as it moves relative to a fixed point on the earth 1 s 
surface. Comsat computed standard deviations relative to the linear regression 
fit. 


When Comsat and General Electric data were compared, they were found to be 
in close agreement. 

Standard deviations reported by Comsat during the January 19-20, 1971 
propagation test on Gander and Buenos Aires were as follows: 


Date 

Time - GMT 

Gander 

Buenos Aires 

1/19 

1806-1816 


1.544 nsec. 


1905-1914 


1.148 


2002-2010 


1.2 


2103-2111 


1.207 


2204-2215 


1.198 


2301-2310 


1.33 

1/20 

0000-0009 


1.369 


0100-0109 


1.142 


1500-1511 

1.036 M»s 



"The most significant result is that the standard deviation of the total 
inter-arrival time about the regression line is 1.2 microseconds on the average. 
This corresponds to an error (precision) of 600 feet along the line of propa- 
gation to the responder, 

"It should also be noted that a linear regress fit is all that is needed 
to correct for the satellite’s motion. The variations around the regression 
line seem to be random dispersals, and the correlation dropouts or misses also 
appear to be random." 

"The interrogation method used in these tests works very well and similar 
techniques should be seriously considered as a means for transmission of data 
to and from aircraft, and for the communications management of a multiple ac- 
cess aeronautical satellite voice communications system. Its use in the present 
tests is of course limited only to the range determination," 

(The above excerpts are from Comsat Corporation Technical Memorandum CL-26-71, 
"Satellite Ranging Experimental Results," R. Costales - currently being pub- 
lished.) 
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APPENDIX II 


MODEL FOR IONOSPHERE CORRECTIONS 


The following two references were used to establish a model for the effects 
•of the ionosphere on the ranging error. 


G. H. Millman, M A Survey of Tropospheric, Ionospheric, and Extra- 
terrestrial Effects on Radio Propagation Between the Earth and 
Space Vehicles", General Electric Company Report TIS R66EMH1, 1966. 

R. W. Lawrence, D. J, Posakony, 0. Garriott, and S. C. Hall, "The 
Total Electron Content of the Ionosphere at Middle Latitudes Near 
the Peak of the Solar Cycle", Journal of Geophysical Research, 

Volume 68, Number 7, April 1, 1963, page 1889. 

The first reference is used to predict the effect of elevation angle and 
the second reference the diurnal effect on ranging error. 

The following notation is used in this appendix. 


E 

R 

a 

R 

m 

A = 
h 


t 

f(t) 

*W< E > 

W E> 


Line-of-sight elevation angle to the satellite 

Actual slant range 

Measured slant range 

R - R 
m a 

Representative ionosphere altitude, say mean altitude 
Local time (of day) on the line-of-sight at altitude h 
A function of t such that 0 < f(t) < 1 
Maximum value of A as a function of E 
Minimum value of A as a function of E 


The empirical model developed in this appendix should be considered a 
provisional "engineering prototype" since no effort has been made to account 
for the "thickness" of the ionosphere or the fact that two frequencies are 
used in the transmissions. Assuming an inverse square frequency effect, the 
effect of frequency can easily be accounted for. 


In order to easily incorporate the data contained in the two references 
cited above, the following model for the range error was adopted: 


A 


= ba 


f(t) 


where 0 < t < 24 hours 

max f(t) = 1 
min f(t) = 0 
a > 1 
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Obviously over the range of f(t) 


A . = b 

min 


A 

max 


ab 


The first reference gives the ionosphere range errors g . (E) at mid- 
night (t = 0) and g (E) at noon (t = 12) as a function of mln the elevation 
angle E. Therefore™ X 


b - g . (E) = A . 
min mm 


a = g (E)/g . (E) = A /A . 
max' 6 min max min 


As noted above g . (E) and g (E) are inversely proportional to frequency, 
mm max 

The functions g (E) and g . (E) are shown in Figure II- 1. 
max °min 6 

The second reference (Figure II-l) contains curves showing six diurnal 
interval effects over various times of the season. These six curves were 
normalized* and suitably averaged to give the diurnal effect shown in Figure 
II-2. 


The resulting empirical equation for the ionosphere effect is 


A = k g . (E) 
min 



f(t) 


where the proportionality k can be adjusted to account for long-term variations 
in ionosphere activity/ intensity. The procedure for using this equation is to 
first use the local ground time of day, the line-of-sight elevation angle, E, 
to the satellite and some mean ionosphere altitude h to compute the local time 
t at the intersection of the line-of-sight ray and the mean altitude h. Then 
the range error is computed by the above equation. 

It should be noted that the ratio g (E)/g . (E) is frequency invariant 

max mm 

so that the above equation could be compensated for frequency by 


„ , nom 

A = k — —\ g . (E) 
f / °mm 


where g , (E) is evaluated for f = f 

mm nom 


W E) 


S min (E) 


f(t) 


* by the equation 


log (A(t) ) - log (A . ) 

f(t) = P-i. n . 

K ' log (A ) - log (A . ) 

max ° min 
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APPENDIX III 


FLIGHT RECORDS FURNISHED BY THE FEDERAL AVIATION ADMINISTRATION 


The excellent flight records supplied by the Federal Aviation Administra- 
tion (FAA) staff at their National Aviation Facilities Experimental Center 
(NAFEC) were essential to the detailed analysis of the data obtained during 
aircraft flight tests. This appendix includes small samples to show the for- 
mats of the data that they supplied. 

An example of the detailed analysis made possible by the completeness of 
the FAA flight records was the determination of the reasons for two individual 
fixes that were in error by unusually large amounts. During the flight test 
on 12/1/70 (Figure 6-8), a fix obtained at 17:46:49 was in error by approxi- 
mately 11 miles with respect to the radar fix at the same instant of time. An 
examination of the data recorded at the Observatory did not show anything un- 
usual in the signal but the FAA recording revealed the presence of local air 
traffic control interference that affected the tone portion of the tone-code 
ranging interrogation received in the aircraft. The interference apparently 
ended coincidentally with the start of the code as received in the aircraft 
so that phase matching was imperfect but the code was received and correlated 
so that the aircraft responded, (Figure III-l) 

Another fix at 19:02:36 (Figure 6-11) was in error by 7.5 miles. An ex- 
amination of the FAA flight recording in the aircraft revealed that spin modu- 
lation of the satellite caused a drop in signal level received in the aircraft 
just prior to the reception of the code, again affecting the accuracy of the 
phase match. (Figure III-2) 

In both cases the fixes are displaced along a hyperbolic line of position. 
The phase of the tone received in the aircraft was affected but the signals re- 
turned from the aircraft through the two satellites were not affected. 

Similar signal recordings in the aircraft revealed the effects of orthogonal 
Faraday rotation polarization when using a linearly polarized antenna and the 
comparisons of the three antenna models used during the experiments with respect 
to aircraft headings and elevation and azimuth angles to ATS-1 and ATS-3. 

Another example of the detailed data furnished by NAFEC is shown in Figure 
HI-3. Together with the chart recordings in the aircraft and chart recordings 
made on the signals received at the Observatory for the same interrogations, 
such information proved useful in evaluating the specific propagation effects 
and antenna pattern variations on signal reliability and ranging accuracy. 
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FIGURE III-l 


EFFECT OF LOCAL RADIO FREQUENCY INTERFERENCE ON TONE -CODE 
RANGING SIGNAL RECEIVED IN DC-6 AIRCRAFT 
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FIGURE III -2 


EFFECTS OF ATS -3 SPIN MODULATION ON TONE -CODE RANGING 
SIGNAL RECEIVED IN DC-6 AIRCRAFT 
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NOTES ON REDUCTION OF AIRCRAFT DERIVED DATA FOR JULY 1970 
SURVEILLANCE TESTS IN FAA AIRCRAFT N-lli* 


1. Data has been reduced on the basis of one minute samples* 

2. Aircraft Pitch data is tagged with a plus sign for "hose up " and minus sign 
for "nose down". 

3. Aircraft Roll data is tagged with a letter "R" to indicate "roll right" and 
a letter "L" to indicate "roll left". 

U. Antenna Mode data is tagged "Z" for Zenith Mode, "H" for Horizon Mode and "B" 
for Blade Antenna. 

5. Signal Level data is presented as the maximum and minimum signal levels that 
occured during the one minute data sample coincident with the ground station 
interrogations . 

6. The Number of Interrogations data is a count of the total number of interrog- 
ations received during the one minute data sample. This count will include 
ail interrogations, recognized as such from the AGC voltage deviation, that 
occured whether addressed to the FAA responders on board N-lli* or other 
responders. In cases wnere no interrogation was detected from the AGC voltage 
recording yet a reply was sent from the aircraft the interrogation was not 
counted since it could not be verified as a valid interrogation. 

7. The Number of Replies data is a count of the tata&nurber of replies, as 
determined from a special sensor attached to the transmitter output, that 
occured during the one minute data sample. Manual keying of the responder 
or voice keying indications were not included. 

8. The Remarks Code data was limited to three instructions. The delta sign ( ) 

indicates that the aircraft is positioned on a Benchmark at the airport 
listed as "To"; the letters "TTI" indicate that there was a temporary trans- 
mission interuption; and the asterisk (*) symbol indicates that the data for 
that particular one minute data sample is further detailed in other line 
entries. 

9. All data entries that contain a dash (*— ) symbol indicate that the data for 
that particular entry was not reducible for any of a number of reasons. Where 
this symbol appears repeatedly for the aircraft parameters it indicates a 
malfunction that occured in the Automated Dita Acquisition System for thoes 
channels being recorded. 


! EXPLANATION OF FLIGHT TEST DATA FURNISHED BY FAA ! 
AS SHOWN IN FIGURE III -3 

i 


1 1 1 - 5 



1024 Cycles Binary Sequence 

Code USER of Tone 15-Bit Word Sync 15-Bit Address 



LV- 1 


Used in earlier tests by Coast Guard Cutters Valiant and Rush. 



GOVERNMENT 


DEPARTMENT OF COMMERCE 


NASA GODDARD 


Beery, W. (Inst, of Telecommunications, Boulder) 
Fiore, Capt. A. (US Merchant Marine Academy) 

*Kurz, C. (Maritime Administration) 

McCready, Capt. L. S. (US Merchant Marine Academy) 
Travis, Capt. H. 0. (US Merchant Marine Academy) 
Wheatley, S. (Maritime Administration) 


DEPARTMENT OF TRANSPORTATION 

Anderson, J. (Transportation Systems Center) 
Beam, R. (Office of Telecommunications) 
Dorian, C. (Office of Telecommunications) 
Gutwein, J. (Transportation Systems Center) 
Haroulis, G. (Transportation Systems Center) 
Keane, L. (Transportation Systems Center) 
Veronda, C. (Transportation Systems Center) 


Golden, T. 
Gubin, S. 
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